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ABSTRACT
This paper addresses the feasibility of using 
antecedent soil moisture as a tool for predicting the 
extractions from rainfall due to the infiltration process 
by solving the one-dimensional equation for saturated- 
unsaturated flow through porous media. Soil moisture 
characteristics in the form of empirical equations were 
used to incorporate the hysteretic behavior of the 
soil-water relationships into the model. Two sets of 
parameters were developed to be representative of a silty 
sand and a silty fine sand.
Extractions as infiltration from a given storm 
hyetograph and the total volume of direct runoff were 
computed for different initial moisture states. When the 
initial moisture state is such that the applied storm 
allows resaturation of the soil column, a well-defined 
relationship exists between soil moisture in the upper 20 
or 30 cm of the soil column and the volume of runoff. 
Temporal distribution of a storm is a reflection of both 
the rainfall intensities and the storm duration. The 
correlation between soil moistur.e at a discrete depth and 
volume of runoff is greater for storms of high intensities.
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The purpose of this research is to determine whether it 
is theoretically feasible to use antecedent soil moisture 
as a tool for predicting the extractions from rainfall due 
to infiltration. Effects of ponding depth and temporal 
distribution of rainfall on the relationship between 
infiltration and antecedent moisture will be studied. 
Infiltration will be simulated by solving the 
one-dimensional equation for variably saturated flow 
through porous media.
B. NATURE OF THE PROBLEM
The need for such a study arose when the St. Louis 
District, Army Corps of Engineers became interested in 
instrumenting the Meramec River Basin with telemetered soil 
moisture probes for the purpose of more accurately 
assessing antecedent moisture conditions as they relate to 
real time forecasting of flood stages in the river. If, 
for instance, a method could be devised for more accurately 
evaluating the probable losses from a storm at the onset of 
the event, then computed values of runoff would be more 
reliable.
Infiltration, for many watersheds is an important 
hydrologic component affecting the shape of the runoff 
hydrograph. Furthermore, it has long been recognized that
2
infiltration rates for storms are highly dependent on, 
among other things, the wetness of the watershed when the 
storm arrives. However, no satisfactory method has been 
devised for accurately quantifying the antecedent moisture 
as it relates to volume and rate of runoff. It is proposed 
that the measurement of soil moisture might be a feasible 
approach to assessing the antecedent moisture state of a 
watershed for the purpose of quantifying infiltration 
losses.
A probable source of difficulty with this approach is 
the natural variability of soil moisture that exists within 
a soil profile. For instance, moisture in a soil column 
varies with depth and time, and the rate of change of 
moisture at any given depth varies according to whether the 
soil is being wetted or is drying. This implies that a 
soil moisture measurement is dependent upon the location of 
the moisture probe. Furthermore, even at a single 
location, there could be variability of soil moisture (or 
pressure head) measurement due to the hysteretic behavior 
of the soil moisture versus pressure head (capillary 
tension) relationship.
The hysteretic behavior of the soil moisture versus 
pressure head relationship for a hypothetical soil is shown 
in Figure 1. When a soil is drying by evaporation or 
gravity drainage, the relationship between soil moisture 
and pressure head is represented by the main drying curve 
(MDC). When the soil is being wetted from its residual
3
PRESSURE HEAD, h
Figure 1. Simplified hysteresis curves relating soil 
moisture to pressure head.
Figure 2. Simplified hysteresis curves relating hydraulic 




















(minimum) soil moisture, the relationship between soil 
moisture and pressure head follows the main wetting curve 
(MWC). If the wetting or drying process is interrupted, 
the soil moisture versus pressure head relationship follows 
yet another path, called a scanning curve. Considering 
just the two envelope curves (MDC and MWC), it can be seen 
that for a single pressure head value, the soil moisture 
can vary considerably, depending on whether the soil column 
was wetting or drying. Conversely, at a constant soil 
moisture, the pressure head can vary considerably.
Figure 2 shows how hydraulic conductivity varies with 
pressure head and with soil moisture. Hydraulic 
conductivity increases with increasing soil moisture, and 
with increasing pressure head. As with the soil moisture 
versus pressure head relation, the change describes 
hysteretic behavior. Thus, for any soil moisture or any 
pressure head, there is a range of possible values of 
hydraulic conductivity. For any particular soil moisture 
state, the value for hydraulic conductivity depends on the 
history of wetting and drying of the soil.
The implications of the behavior shown in Figures 1 and 
2 become clear when one considers the equation which 
describes unsaturated flow in the vertical direction. This 
equation, generally known as the Richard equation, may be 
expressed in the following form:
30
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where: 0 = volumetric moisture content (decimal
percent)
z = depth (cm)
K(e) = hydraulic conductivity (cm/hr)
D (0 ) = K(h)dh/dz, diffusivity (cm/hr)
h = pressure head (cm)
t = time (hr)
Obviously, the rate of change of soil moisture with respect 
to time is dependent on both hydraulic conductivity and on 
pressure head. As shown by Equation 1, the infiltration 
rate (d0/dt) is dependent on the way hydraulic conductivity 
changes with respect to soil moisture. Because soil 
moisture varies with depth, and because hydraulic 
conductivity is not single valued for a given soil 
moisture, it is possible that there could be a range of 
infiltration rates corresponding to a single reading from a 
soil moisture probe.
C. PROPOSED APPROACH
The considerations discussed above form the basis for 
the proposed study. Efforts in this study will be directed 
toward determining whether or not it is theoretically 
feasible to quantify antecedent moisture conditions at a 
single site through the use of soil moisture probes. A 
digital model will be developed to simulate the
6
infiltration process by solving the one-dimensional 
equation for saturated-unsaturated flow through porous 
media. Soil moisture characteristics such as depicted in 
Figures 1 and 2 will be used to incorporate the hysteretic 
behavior of the soil-water relationships into the model. 
Extractions as infiltration from a given storm hyetograph 
and the total volume of direct runoff will be computed for 
different initial moisture states. The results will be 
used to study the correlation between antecedent moisture 





Hydrologic models represent the hydrologic cycle. The 
water budget is a quantitative description of the 
hydrologic cycle. It is an expression of the law of 
conservation of mass:
WATER IN = WATER OUT + CHANGE IN STORAGE 
The generalized water budget for a basin may be expressed 
as follows:
P + W = Q5 + Qg + S3 + Sg + E (2)
wher e : P = precipitation
W = water imported (or exported) by man 
Qg = net surface runoff
Qb = net subsurface outflow as unsaturated 
or saturated porous media flow 
Sg = net change in surface storage
(depression and detention storage)
Sb = net change in soil water storage 
E = evapotranspiration
To evaluate surface runoff (Qs) > one must be able to 
determine the value of the other components of the water 
budget. If each component is considered individually, it 
can be shown that there are many factors other than those
8
shown in Equation 2 which affect it. Infiltration, for 
example, is dependent upon soil type, antecedent moisture, 
rainfall intensity, vegetation, season of the year, and 
soil layering, just to name a few. Thus, quantifying each 
component can be quite complex.
Infiltration, for many watersheds, is the most 
important hydrologic component for determining the shape of 
the runoff hydrograph (Haan, Johnson, and Brakensiek,
1982). Often the water budget is simplified to include 
only precipitation, runoff, and losses. Losses (or 
abstractions from rainfall) include infiltration, surface 
storage, interception, and evapotranspiration. Losses are 
often quantified by using an infiltration model.
Methods for computing or estimating infiltration are 
numerous. Because there is not a well-accepted method for 
handling infiltration one must explore the many 
possibilities. Perhaps the simplest methods of quantifying 
the abstractions from rainfall entail use of infiltration 
indices. Of these, the simplest and the most commonly used 
is the phi (<f>) index. The 4> index is based on the 
assumption that losses occur at a constant rate throughout 
the storm. A <J> index is generally only characteristic of 
conditions for the storm from which it was derived.
The more commonly used methods for estimating 
infiltration per se involve the use of empirical formulas. 
Because of their complexity, physically based mathematical 
models are used less often. Both of these approaches will
9
be considered in detail in the following section.
B. INFILTRATION MODELS
1. Empirical Approaches. One of the simplest (in 
form) infiltration equations was proposed by Kostiakov in 
1932 (Haan, et. al., 1982). The Kostiakov equation states 
that infiltration is inversely proportional to some power 
of time. The parameters have no physical interpretation 
and must be evaluated from actual field data.
Horton (1940) developed an exponential decay function 
with three parameters which are dependent upon initial 
moisture content, application rate, and hydraulic 
conductivity. Although the parameters are said to have 
physical meaning, they are generally derived from field 
data. The Horton equation is widely presented in textbooks 
as an infiltration model even though it can grossly 
contradict field data, as shown by Philip (1957c).
Philip (1957a) proposed a new physical property of 
porous media: sorptivity. Sorptivity is essentially a 
measure of capacity of a medium to absorb or desorb liquid 
by capillary attraction. Philip's equation is an 
analytical solution to the Richard equation, and as such 
incorporates several simplifying assumptions. The equation 
utilizes two parameters: sorptivity and another which is 
related to the hydraulic conductivity of the soil. Even 
though these parameters are physically based, the values 
assigned are usually determined from field data and are
also dependent on the technique used for fitting the 
equation to the data.
Holtan (1961) presented another empirical equation, 
based on a storage concept. The parameters in Holtan’s 
equation represent storage, surface conditions, plant 
density and final infiltration capacity. A fundamental 
disadvantage of this equation is that the input parameters 
are difficult to measure. As a result they become 
extremely general.
Other quasi-empirical infiltration expressions include 
the Green-Ampt model and the Smith infiltration envelope 
(Haan, et. al., 1982). The former is based on Darcy’s Law 
and continuity but assumes "slug" flow. Ponded water is 
assumed to enter the soil column which has a uniform 
initial soil moisture, so that there is a sharply defined 
water front that separates a zone that has wetted from a 
totally unwetted zone.
The Smith infiltration envelope is purportedly derived 
from the Richard equation. It includes parameters which 
are dependent on saturated hydraulic conductivity, initial 
soil moisture and rainfall rate. These parameters must be 
computed from the field data for given conditions.
2. Physically-based Mathematical Models. Richard 
(1931) stated that "flow of liquids in unsaturated porous 
mediums follow the ordinary laws of hydrodynamics, the 
motion being produced by gravity and the pressure gradient 
force acting in the liquid." Using Darcy’s Law it is
possible to experimentally determine pressure head (h), 
hydraulic conductivity (K), and soil moisture capacity 
(C=d0/dh) . Richard derived expressions for h, K, and C for 
water through an unsaturated clay soil, but these 
formulations and experimental methods may also be used to 
express saturated-unsaturated flow for other liquids and 
medi urns.
Darcy’s Law states that for saturated conditions, flow 
of water through a column of soil is directly proportional 
to the change in hydraulic head and indirectly proportional 
to the column length. The essential difference between 
flow through a saturated medium and an unsaturated medium 
is that in the latter, the pressure gradient is 
predominantly influenced by capillary tension (negative 
pressure head) and the conductivity is a variable function 
of soil moisture. In recognition of his efforts, the 
equation Richard developed to couple continuity with 
Darcy’s Law for single phase flow in saturated-unsaturated 
porous media is commonly referred to as the ’’Richard 
equation” .
Since then, there has been a considerable amount of 
research utilizing the Richard equation. Early research 
was mostly devoted to observing drainage of soil profiles 
after infiltration. Youngs (1958) studied the 
redistribution of soil moisture in porous materials. Soil 
properties during infiltration were later examined by Rubin 
and Steinhardt (1963) and Staple (1966). Numerical
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solutions for saturated-unsaturated flow equations were 
presented for layered soil by Hanks et. al. (1962); and 
for non-uniform rainfall intensities by Rubin et. al. 
(1964). One-, two-, and three-dimensional solutions were 
also investigated. Most of this research appeared in soil 
science and agricultural literature and was not, until 
recently, applied to hydrologic studies.
3. Application of Models. Most recent theoretical 
treatments of infiltration have employed numerical 
solutions to solve one-dimensional systems. Finite 
difference procedures for solving one-dimensional flow 
equations for porous media have been developed by Freeze 
(1969), Smith and Cherry (1973), and Dane and Mathis 
(1981). Comparisons of numerical techniques and 
applications of these models and others have been made by 
Haverkamp et. al. (1977) and Van Genuchten (1982). The 
application of finite element techniques to infiltration 
problems is rather recent (Narismham et. al., 1978).
Finite difference techniques are more common.
Freeze (1969) developed a one-dimensional, vertical, 
unsteady, saturated-unsaturated flow model. The model had 
a dynamic lower boundary condition and was capable of 
accounting for constant rainfall rates, ponded water, 
evaporation, or a constant pressure head at the top 
boundary. Freeze (1972) used this model to study the role 
of subsurface flow in generating surface runoff.
Smith and Cherry (1973) developed a model to mimic the
13
numerical solution of the partial differential equation for 
unsaturated flow. Their model incorporated the Smith 
infiltration envelope and four soil parameters. Its 
objective was the prediction of rainfall excess applied to 
a small plot of land.
Morel-Seytoux (1981) evaluated the advantages and 
disadvantages of four approaches to assessing losses from 
rainfall including infiltration indices, Horton's equation, 
the Green-Ampt equation, and the ponding time approach 
(water flow equations). Morel-Seytoux encourages the 
application of theoretical water flow equations to everyday 
hydrologic practice.
C. SOIL-WATER CHARACTERISTICS
Application of theory of unsaturated flow to real flow 
systems requires knowledge of soil-water characteristics, 
which are relationships between the soil properties of 
pressure head, hydraulic conductivity, and volumetric soil 
moisture (e.g. soil moisture versus pressure head and 
hydraulic conductivity versus soil moisture). This section 
will consider the non-trivial problems of measurement and 
mathematical representation of the soil-water 
characteristics; and application of soil water 
characteristics in the theoretical mathematical 
infiltration models.
1. Definition of Soil Properties. Pressure head (h), 
is defined as the energy per unit weight of soil-water due
to the combined effects of pressure and solid-liquid 
interactive forces. Dimensions are in length of a fluid 
column. Figure 3 shows evaluation of pressure heads for 
saturated and unsaturated soils. Notice that pressure head 
has a positive value for saturated soils and a negative 
value (suction or capillary tension) for unsaturated 
soils. Positive soil-water pressure heads can be measured 
with a piezometer and negative pressure heads with a 
tensiometer.
Hydraulic conductivity (K), also called permeability, 
is a measure of the ability of soil or a porous medium to 
transmit water by mechanically driven flow. It is the 
ratio between the soil water flux (flowrate per flow area) 
and the negative hydraulic gradient. It is defined in 
Darcy's Law as expressed in generalized form for variably 
saturated porous media:
v(z,t) = -K(9,z )(dh/dz + 1) (3)
where: v(z,t) = volumetric flux of water
h(z,t) = pressure head
K(0,z) = hydraulic conductivity
z elevation
t time
0 = soil moisture content at elevation z




Figure 3. Pressure head measurement.
16
(0) and elevation (z). In a saturated soil, K is (a 
maximum) constant and is called the saturated hydraulic 
conductivity.
Volumetric soil moisture (0), is defined as the volume 
of water per unit bulk volume of soil. It is a 
dimensionless parameter and most frequently stated as a 
percent. Soil moisture varies with changes in negative 
pressure head and usually with position in the soil 
column. For positive pressure head values, the soil 
moisture is at its maximum, called the saturated value 
(0 3). At some low negative pressure head, the soil 
moisture will reach its minimum, called the residual soil 
moisture (0r ).
2. Hysteretic Relationships of the Soil-Water 
Characteristics. In order to understand the problem that 
arises when dealing with the measurement of soil moisture 
and hydraulic conductivity, one must have some knowledge of 
how soil moisture relates to pressure head and how 
hydraulic conductivity relates to soil moisture. The 
following discussion of these relationships is based on 
research and theories proposed by Childs (1969).
a. Soil Moisture Versus Pressure Head. As long as a 
soil is saturated and there is a positive or zero 
hydrostatic pressure head that exists at some elevation in 
the soil column, the soil moisture is said to be constant 
and is equal to the porosity of the soil. In order for the 
soil column to dry either by evaporation or drainage, a
suction or negative pressure head is required. The soil 
column remains tension-saturated until a negative pressure 
is reached which allows the water to leave and the air to
enter. This pressure head value is dependent on the soil 
pore geometry and is referred to as the air entry head 
value. As the pressure head decreases below the air entry 
head value, soil moisture is observed to decrease until it 
reaches its residual soil moisture, at which time no more 
water leaves the soil with further decrease in pressure 
head. Hence, the soil moisture is a function of negative 
pressure head of the soil water. The soil moisture versus 
pressure head relationship representing the drying process 
is called the initial drying curve (IDC) and is illustrated 
in Figure 4.
The suction required to rewet the same soil column at 
any given elevation is relatively lower than the suction 
which results from draining or drying it. Thus, the soil 
moisture versus pressure head relationship is a function of 
the history of the soil; that is, whether the soil was 
wetting or drying. This irreversibility of the soil 
moisture versus pressure head relationship is called 
hysteresis.
For a soil at its residual soil moisture, the 
relationship between soil moisture and pressure head, 
representing the wetting process, follows the main wetting 
curve (MWC) shown in Figure 4. For a pore to fill with 


















Figure 5. Hysteresis curves relating hydraulic
conductivity to soil moisture and pressure head 




















available, for air to escape. A soil contains pores of 
non-uniform size and shape, all filling at the different 
suctions. Larger particles have correspondingly larger 
passages which fill at lower suctions, while smaller 
particles have smaller passages which fill at higher 
suctions. If a large pore is entirely surrounded by 
smaller pores, the smaller pores will fill first because of 
relatively high suctions so that the air in the large pore 
becomes an isolated bubble. As the surrounding small pores 
fill, suction is reduced to the point where the large pore 
should fill. However, there is no entry of water because 
the air cannot escape. As the smaller surrounding pores 
continue to fill, the pressure approaches zero. Complete 
saturation is expected, but cannot occur because of the 
entrapped air. The soil moisture at this point is called 
apparent saturation (0 ). Therefore the hysteresis loopo
describing drying from complete saturation (Oq ) and 
rewetting to apparent saturation is not a closed loop.
The first cycle, however, generally entraps all of the 
air that the pore geometry is capable of entrapping and 
furthur cycles are closed and reproducible loops. When 
drying from apparent saturation, the relationship between 
soil moisture and pressure head follows the main drying 
curve (MDC). Because the apparent saturated soil moisture 
for a soil is more frequently measured than the complete 
saturated soil moisture, hereafter, it will be called the 
saturated soil moisture (0 ).o
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If a soil column is drying from saturation and the 
process is interrupted, that is, the soil begins to wet, 
the soil moisture versus pressure head relationship follows 
yet a different path. This path is called a primary 
wetting scanning curve (PWSC) and is dependent upon the 
soil moisture at the time of the reversal. Because this 
reversal can occur at an infinite number of soil moistures, 
there is an infinite number of scanning curves. If, on the 
other hand, a reversal occurs when wetting along the MWC, 
the soil moisture versus pressure head relationship follows 
primary drying scanning curves (PDSC). These are different 
from the MDC and are dependent on the soil moisture when 
drying begins. Higher order scanning curves are defined 
when a reversal occurs on a primary (or higher order) 
scanning curve.
Thus, great variability exists in the soil moisture 
versus pressure head relationship. For a constant pressure 
head or suction, the soil moisture can have a wide range of 
values, depending on whether the soil column was wetting or 
drying. Conversely, at a constant soil moisture, the 
pressure head can also vary condiderably.
b. Hydraulic Conductivity Versus Soil Moisture. 
Hydraulic conductivity is observed to decrease with 
decreasing soil moisture. (See Figure 5.) This is 
supported by several physical concepts. First, the 
emptying of a cell at suction leaves the solid walls coated 
with a very thin film of water through which water can flow
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at a small rate as compared with the rate through a full 
cell. This can be looked at in terms of the intrinsic 
permeability (k). Intrinsic permeability is defined as the 
product of a proportionality constant (which includes the 
influence of the distribution of grain sizes, the 
sphericity and roundness of grains, and the nature of their 
packing) and the square of the diameter of the soil 
particles (which is assumed to be proportional to the 
square of the pore diameters). Hydraulic conductivity is 
the product of intrinsic permeability and the properties of 
the fluid, p and y. Therefore, the thin film of water 
which is left on the walls of the soil particles during 
evaporation or drainage, in effect, causes a reduction of 
the intrinsic permeability and hence a reduction of the 
hydraulic conductivity. It follows that an empty cell 
contributes only negligibly to the total hydraulic 
conductivity of the body. A reduction in soil moisture 
therefore causes a reduction in conductivity.
Second, because soil moisture is reduced by an increase 
in suction applied initially from above or below, it is the 
larger pores which are emptied first in earlier stages of 
desaturation while the smaller pores are left full of 
liquid. Because the larger pores are more effective 
conductors, it follows that the earlier stages of moisture 
reduction are more effective than the latter in reducing 
the conductivity.
Finally, a pore full of entrapped air is not only
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ineffective as a conductor, it may become an obstacle, so 
that the liquid which originally passed through it when it 
was water filled is deflected around it. The effective flow 
path becomes longer. In any event, the drier the material 
becomes, the longer and more tortuous are the flow paths.
A minor hysteretic effect in the hydraulic conductivity 
versus soil moisture relationship may exist. (See Figure 
5.) A soil moisture is not necessarily representative of a 
unique combination of water-filled pores. The combination 
is capable of variation according to the history of the 
suction changes leading to its final state. In particular, 
if the soil moisture is reduced to its prevailing state by 
an increase in suction, the larger pores would be expected 
to empty first, so that the water would be predominantly in 
the smaller pores. If, on the other hand, the soil 
moisture was increased to its prevailing state by a 
decrease in suction, the water would be expected to be 
predominantly in the larger pores. Thus, even though the 
ratio of water to bulk volume of the soil is equivalent, 
because the water is in different positions, the effective 
flow paths are not equivalent, and the conductivity may 
vary slightly. Childs (1969), Freeze and Banner (1970), 
and others claim that hysterisis in the conductivity versus 
soil moisture relationship is negligible (or at any rate 
immeasurable).
Unlike the hydraulic conductivity versus soil moisture 
relationship, the hydraulic conductivity versus pressure
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head relationship exhibits significant hysteretic behavior 
(Figure 5). Because hydraulic conductivity depends on the 
degree of saturation, and because soil moisture is related 
to suction, the hydraulic conductivity will also depend on 
suction. Consequently, at a given suction, the hydraulic 
conductivity, like soil moisture, can also have many 
different values.
3. Field and Laboratory Measurement.
a. Soil Moisture Versus Pressure Head. Soil moisture 
can be measured in a laboratory by weighing a soil sample 
and then drying the sample and reweighing. The difference 
is the weight of water and is expressed as a percent of the 
original weight. This procedure is not applicable to field 
measurements and can only be used to determine an average 
water content for the sample. For instance, soil moisture 
in a soil profile varies with depth. Therefore, samples at 
various depths in a soil column would need to be measured 
to represent the non-uniformity. Soil moisture is 
associated with the pressure head in the soil at the time 
and location of the measurement.
Field measurements are frequently made by installing 
soil moisture probes and tensiometers at required depths. 
This procedure is inherently more time-consuming and 
expensive. Schumugge et. al. (1980) published a survey of 
methods for in situ soil moisture determination. He 
discussed gravimetric, nuclear, electromagnetic, and remote 
sensing schemes.
b. Hydraulic Conductivity Versus Soil Moisture.
Measurement of the saturated hydraulic conductivity is a 
relatively simple chore in the laboratory. However, 
measurement of the unsaturated conductivity values, is 
tedious and complex. Using a steady-state approach, 
volumetric flux and hydraulic gradient are measured in a 
system for one-dimensional flow. DarcyTs Law is then used 
to calculate the hydraulic conductivity. The value of K is 
associated with the pressure head and water content at a 
position and time for which the gradient and flux were 
measured. This procedure can be followed for a drainage 
curve (conductivity versus pressure head), progressing 
through a series of steady states with more and more 
negative values of h (starting with h near or at zero).
The wetting curve (conductivity versus pressure head) is 
determined by proceeding from a negative pressure head 
state to a nearly postive pressure head state.
Unsteady-state approaches are a bit more complex.
Water volumes and pressure head values must be recorded as 
a function of time. Darcy's Law and a defined relationship 
between water content and fluid flux according to mass 
balance, are used to analytically determine conductivity.
Klute (1972) provides an excellent survey of the 
various methods available for measurement of soil 
properties. Klute tabulated a summary of instantaneous 
profile methods for determining hydraulic conductivity in 
both field measurements and laboratory measurements. The
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instantaneous profile method yields the conductivity as a 
function of both time and elevation, from known or measured 
water content and pressure distributions, and the 
continuity equation (mass balance). The advantage of this 
method is that hydraulic conductivity as a function of soil 
moisture content can be measured in non-uniform soil 
columns.
M. Empirical Formulas of Soil-Water Characteristics. 
There are two reasons why empirically derived mathematical 
formulas are sought for estimation of the soil moisture 
versus pressure head and hydraulic conductivity versus soil 
moisture relationships. First, field and laboratory 
techniques for measuring the soil-water characteristics are 
complex, time consuming, and expensive. Laboratory tests 
have the further disadvantage of being disturbed from an in 
situ state. Thus, site specific values are impractical. 
Descriptive formulas based on the soil properties, (e.g. 
saturated soil moisture, residual soil moisture, and 
saturated hydraulic conductivity) are more desirable. 
Second, mathematical formulas are more easily incorporated 
in the computer solution of the water flow equation. Early 
solutions incorporated tabulated soil property data to 
describe the soil moisture versus pressure head and 
hydraulic conductivity versus soil moisture relationships. 
The mathematical formulas have the advantage of using less 
computer storage and not requiring the computational effort
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for interpolation.
The list of successful and unsuccessful attempts at 
defining empirical relationships of soil-water 
characteristics is endless. A few examples which typify 
the scope of the research effort and the most important 
advances pertaining to this study will be presented.
Early studies by Marshall (1958) provided a groundwork 
for much other research. Marshall developed a relationship 
between permeability and size distribution of pores. Two 
other methods stem from Marshallfs work: Childs and 
Collis-George; and Millington-Quirk. Jackson (1965) 
compared these two methods and Marshall's method with field 
measurements and recommends the Millington-Quirk method.
Cary (1965) studied two alternative theories for the 
cause of hysteretic behavior in the soil moisture versus 
pressure head relationship. Gillham, Klute and Heermann 
(1 9 7 6) developed empirical formulas for soil mosture versus 
pressure head curves. Envelope curves for four to six 
primary wetting and drying curves were measured. A 
convenient method for representation of the scanning curves 
by an empirical function was developed for use in a 
computer solution of the water flow equations.
Mualem (1976) proposed a simple analytical model which 
predicts unsaturated hydraulic conductivity curves from the 
soil moisture versus pressure head curve and the saturated 
hydraulic conductivity. It is similiar to the Childs and 
Collis-George method. After testing M5 soil samples,
27
Mualem concluded that his modified model improved the 
prediction of the unsaturated hydraulic conductivities.
Other empirical formulas for the soil moisture versus 
pressure head and hydraulic conductivity versus soil 
moisture relationships are presented by VanGenutchten 
(1980), Haverkamp (1977), Libardi et. al. (1980) and Ahuja 
et. al . ( 1980). A considerable volume of literature is 
available regarding the soil properties for unsaturated 
soil, though a relatively small amount extends to the 
hysteretic behavior of the relationships. Also, a 
substantial amount of research has been done on comparisons 
of the theoretical predictions of the empirical equations 
with field measurements. Prominant authors in this area 
include J. Rubin (1963, 1964, 1967), A. Klute (1972), A. 
Freeze and J. Banner (1970), R. Gillham and D. Heermann 
(1976), Y. Mualem (1974, 1976), M .Th. VanGenuchten (1980), 
Poulovassilis (1962, 1971), Topp (1971), and Dane (1980).
5. Application of Hysteretic Soil-Water 
Characteristics in Infiltration Models. Early studies by 
Whisler and Klute (1965) showed that it was possible to 
incorporate hysteresis through a numerical model to 
simulate infiltration of a soil column. The soil-water 
relationships were estimated, intermediate scanning curves 
were plotted "by eye" and the data were then entered into 
the computer model in tabular form. The results of this 
study demonstrated that hysteresis has a pronounced effect 
on the computation of the soil moisture profile. When
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hysteresis was ignored, the position of the wetting front 
was either overestimated or underestimated, depending on 
whether the drying or the wetting curve was used.
Freeze (1969) incorporated hysteresis into a 
one-dimensional, unsteady, unsaturated flow model. 
Originally, Freeze used the model to study the effects on 
the groundwater table. Later, he extended the use of the 
model to study groundwater recharge (1972). Hysteresis was 
incorporated into the computer model by tabulating the 
soil-water characteristic data and interpolating to 
determine intermediate values.
More recent studies of N.T. Hoa, Gaudu and Thirriot 
(1977) involve experimental and numerical one- and 
two-dimensional transient flow models which account for 
hysteresis including both primary and secondary scanning 
curves. Hoa et. al., state that in almost all. natural 
processes, two or more cycles of drying and wetting take 
Pi ace. For example, fluctuations of the upstream level in 
earth dams, or water exchanges between a river and its 
banks during a flood allow for such cycles of wetting and 
drying. In these cases, scanning curves of higher order 
should be considered. The results of the analytical and 
experimental models showed that in both the one- and 
two-dimensional models, accounting for hysteresis clearly 
improves the numerical simulation results.
Gillham, Klute and Heermann (1979) used a finite 
difference solution of the Richard equation. The solution
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incorporated both soil non-uniformity and hysteresis. 
Empirical formulas were used for soil moisture versus 
pressure head and hydraulic conductivity versus soil 
moisture. Space-dependent parameters were determined 
experimentally on a laboratory column of sand. These 
parameters were used to describe a family of intermediate 
scanning curves. Use of the equations was limited to one 
drying cycle and one wetting cycle. This method of 
hysteretic representation was not recommended for 
situations where boundary conditions are cyclic.
According to Klute (personal conversation, Feb. 1984), 
Mualem has developed a scheme in which all scanning curves 
are generated based on the envelope curves (MWC, MDC) .
This approach also includes the functional relationship 
between the prevailing and the saturated hydraulic 
conductivities. Klute et. al. are currently using Mualem's 
methods, but as of yet, none of the work has been 
documented or published.
D. ANTECEDENT MOISTURE
Philip (1957d) studied the effects of initial soil 
moisture on infiltration. He proposed that at small times 
after commencement of infiltration, an increasing soil 
moisture decreases the infiltration rate, but increases the 
advance rate of the wetting front. As time increases, the 
effect of initial soil moisture on infiltration rate 
becomes negligible. He concluded, that the influence of
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initial moisture on the advance rate of the wetting front 
may be interpreted as a storage effect.
Currently, the initial soil moisture or antecedent 
moisture condition, is a parameter which cannot be 
determined easily and used reliably. For practical 
purposes, it is usually expressed as an index to represent 
the initial moisture state of a basin. There have been 
many schemes developed including:
1. ) Indices based upon summations of rainfall during a
fixed number of days previous to the storm 
producing runoff, or based upon the summation of 
the quotients obtained by dividing each preceding 
rainfall amount by the number of days previous to 
the runoff producing storm
2. ) Indices based upon the status of base flow in the
area at the start of the runoff producing storm
3. ) Indices derived by soil moisture accounting
4. ) Indices based on the basin evaporation 
These indices are frequently called Antecedent 
Precipitation Index (API), Antecdent Moisture Condition 
(AMC), and Antecedent Moisture Index (AMI).
"According to Chow (1965, p. 12-28) 'None of these 
indices are suited for universal application, yet each 
of them is credited with applicability in some area. 
Progress in this area is dependent upon the development 
of techniques for obtaining continuous records of soil 
moisture and a means of representing the watershed 
condition of soil moisture rather than moisture at a 
single site . '"
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An API reflects the soil moisture as a function of 
rainfall that has fallen prior to that day. Methods for 
computing an API include those developed by Butler (1957); 
and by Kolher and Linsley (1951). The equation cited by 
Butler relates the API to the annual rainfalls for the 
current year, the antecedent year, and the second 
antecedent year. The weighting factors for the annual 
rainfalls are determined by trial and error in order to 
obtain the best correlation between the runoff and the 
weighted API. The equation cited by Kohler and Linsley is 
similar, but is used for individual storms. This API is 
computed on a day-to-day basis where the index after any 
day is related to the index of the day before multiplied by 
some constant, k. The value of k normally ranges between
0.85 and 0.98.
The current method used by the U.S. Weather Service 
(USWS) for computing an API is as follows: First, an 
arbitrary initial API value (in inches) is assumed. Then, 
that value is decreased daily by a constant amount (e.g. 
10%) and increased by the amount of rainfall (inches) that 
has occurred that day. It is assumed (based on the Markov 
process) that after several weeks, the API will be converge 
on the same value regardless of the initial assumption 
(Papadikis and Preul, 1973).
A commonly used method to account for initial moisture 
conditions is the antecedent moisture condition (AMC) 
incorporated in the Soil Conservation Service (SCS) curve
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number approach to computing runoff from rainfall (USDA, 
SCS, 1971). A curve number for an "average" antecedent 
moisture condition, AMC II, is selected on the basis of 
soil type, land use, and hydrologic condition. The set of 
curve numbers derived on the basis of AMC II can be 
adjusted for drier conditions AMC I, or wetter conditions, 
AMC III.
The AMC indices are based on moisture conditions of the 
basin during the five days preceeding a given storm. AMC I 
represents a condition of watershed soils where the soils 
are dry but not to the wilting point, and when satisfactory 
plowing or cultivation takes place. AMC II represents the 
average case for annual floods. AMC III represents a 
condition when heavy rainfall or light rainfall and low 
temperatures has occurred previous to the given storm, and 
the soil is nearly saturated. Table M.2 (USDA, SCS, 1971) 
gives quantitative guidance based on the 5-day antecedent 
rainfall for choosing the appropriate moisture group, AMC 
I, AMC II, or AMC III.
There seems to be very little recently published 
research devoted to assessing antecedent soil moisture. 
Infiltration is affected by soil type, texture, depth, 
thickness of its permeable layers, land use, temperature, 
and initial soil moisture. Of these, Pavadikis and Preul 
(1973) state that the soil moisture is the most important. 
Experimentally they found that parameters used in Horton's 
infiltration equation can be determined as a function of an
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API (according to the USWS method). These functions, 
unique to a given soil, can be used to determine the final 
infiltration capacity rate and the other parameters needed 
to define Horton’s equation. The experiment was based on 




All experimentation was done using a digital model, 
WATFLW II, (WATer FLoW) which simulates the infiltration 
process by solving the one-dimensional equation for 
saturated-unsaturated flow through a porous medium. The 
model computes variably saturated flow with a prescribed 
hyetograph or ponding depth as an upper boundary. Computed 
infiltration is then subtracted from the storm rain to get 
runoff. WATFLW II was developed by the author from a 
FORTRAN program WATFLW, written by J.H. Dane, J.W. Hopmans 
and F.H. Mathis (1982) at Auburn University, Alabama.
WATFLW II retains the iterative technique and variable time 
steps of WATFLW, but does not utilize the variable space 
steps. The major difference between the two models is that 
hysteresis was incorporated into WATFLW II and the model 
also computes runoff.
A. DESCRIPTION OF THE MODEL
1. System of Equations. The basic purpose of the 
model is to solve the set of nonlinear equations that 
govern transient saturated-unsaturated flow through a 
porous medium. The transient flow equation is frequently 
found in two forms. One, called the theta (soil moisture) 
based form, solves the Richard equation in terms of K(0) 
and h(e), and is valid for unsaturated flow only. A second 
form, is known as the pressure head form wherein the
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Richard equation is expressed in terms of K(h) and C(h), 
and is valid for both saturated and unsaturated flow. The 
pressure head form for one dimension (depth, z) is:
c (h ' F) H  = h  [ - K(h' F ) <11+ 1>i (4)
where: C = soil moisture capacity (cm-"̂  )
(change in soil moisture with respect 
to pressure head, de/dh) 
h = pressure head (cm)
F = soil type 
t = time (hr)
z = depth in soil profile (cm)
K = hydraulic conductivity (cm/hr)
Equation 3 can be expressed as a system of two nonlinear 
equations, presented here and derived in Appendix A.
v(z,t) -K(h) + 1 ) (5)
C (h) 9h9t
9v 
9 z (6 )
where: v = hydraulic flux of the fluid (cm/hr)
(equal to flowrate per unit area)
Solving these equations requires that the system be
represented a3 a grid of points in space and time and
36
that Equations 4 and 5 be written in discrete form. (Refer 
to Appendix A.)
2. Iterative Technique. A fixed-point iteration 
scheme is used in WATFLW II. First, the initial condition 
must be specified. It is comprised of h and corresponding 
z values at time zero throughout the soil column. Top and 
bottom boundary conditions comprised of time dependent h or 
v values, must also be specified. From initial values of 
h, corresponding values of K and C are computed and used as 
approximations for the first time step. If K and C are 
assumed to be known at each nodal point along a time step, 
the system of equations can be treated as linear, with two 
equations and two unknowns at each node. This linear 
system of equations is solved simultaneously, yielding an 
approximation of v and h at each node on the advance time 
line. The new h values are then used to compute the 
corresponding K and C values to obtain better 
approximations for the same time step and the system of 
equations is solved again. This iterative scheme is 
repeated until two successive solutions are within a 
predefined error bound at which time the final values of v 
and h at each node throughout the soil column are presumed 
to be the solution for time step one.
Once h and v have been satisfactorily computed for time 
step one, the values of h are used to compute K and C 
values for the second time step. The iterative procedure 
is repeated until a solution for v and h is obtained within
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the prescribed error limits for time step two or the next 
time step.
The Richard equation is a mass balance equation. 
However, the non-linearity is such that a solution may be 
obtained but the non-linear terms may induce unacceptable 
errors in mass balance. Therefore, upon solution of h and 
v for a given time step, mass balance is recalculated as an 
error check. This entails determining if the amount of 
water that is stored in the profile between the current and 
previous time steps and the net amount of water that has 
entered or left the system between the time steps are 
equal. If the solution meets this criterion within a 
predefined error bound, then it is accepted as the 
"correct” solution for the time step and the iterative 
solution process is continued. If the solution fails to 
meet this criterion, then the time step is reduced and 
another solution is sought. For each time step, the 
solution must converge and meet the mass balance criterion 
as well. The fixed point iteration scheme is applied at 
each time step until the end of simulation occurs.
The solution for each iteration is obtained using an 
implicit scheme. The equations are set up in matrix form 
and are solved by an International Mathematical and 
Statistical Library (IMSL Inc., 1982) subroutine called 
LEQT1B.
3. Hysteresis. The rate at which soil wets is unique 
to the soil moisture at the onset of imbibation. Even
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though water may be applied at the surface, gravity 
drainage may be continuing at depth. Thus, drying will 
continue along the MDC until the wetting front reaches a 
depth at which the soil moisture was greater than its 
residual soil moisture, then the wetting will follow one of 
the PWSC. At any given depth in the profile, the scanning 
curve is selected on the basis of the soil moisture just 
prior to arrival of the wetting front. Thus, the wetting 
or drying history of each node is required to determine 
this soil mosture.
A hysteresis index, HI, was incorporated into WATFLW II 
to indicate soil moisture history at each node. At the 
first timestep, the initial value of soil moisture at each 
node is stored and each corresponding HI is assigned a 
value of negative one to indicate drying. At each 
succeeding time step the newly computed soil moisture at 
each node is compared to the previous value. If, at a 
particular node, the new soil moisture is less than the 
previous value, it is stored in place of the previous 
value. This indicates that the soil at that particualar 
depth is still drying and the value of HI remains 
unchanged.
If, on the other hand, the new soil moisture at a node 
is greater (by an empirically determined error) than the 
previous value, then this indicates that the wetting front 
has arrived at that depth. The value of HI is changed to 
positive one to indicate wetting and the stored value is
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used to select the scanning curve. At succeeding time 
steps, the new soil moisture is checked against the 
previous value at nodes which the HI has a negative value.
It was necessary to implement an error bound in order 
to eliminate an apparent increase in soil moisture which 
was sometimes induced by the preset mass balance criterion 
used for acceptance of a solution. Figure 6 illustrates 
the sequence of events for both large and small changes in 
soil moisture.
For each time step, the soil moisture is computed along 
the appropriate curve as a function of the pressure head. 
If, for a particular node with an HI of negative one, the 
change in soil moisture from the previous time step to the 
current one is positive and smaller than the error bound, 
it will be computed along the MDC. The soil moisture for 
the current time step will not replace the previous 
(stored) value. At the next time step however, the soil 
moisture will be compared to the previous value which is 
really the soil moisture at the second previous time step. 
If the change in soil moisture is positive and smaller than 
the error bound, it will also be computed along the MDC.
The soil moisture will continue to be a function of 
pressure head until the change in soil moisture is both 
positive and greater than the error bound. When this 
occurs, the soil moisture is recomputed as a function of 




























Figure 6. Error bound used for determination of PWSC.
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4. Nodal Spacing. It is desirable to reduce the 
number of nodes used to represent the soil column because 
the number of nodes determines the number of equations 
required for each iteration. Thus, fewer nodes implies 
fewer computations at each iteration. However, if the 
number of nodes is too few, the size of the time step may 
be reduced so that convergence can occur. The optimum 
combination of number of nodes and time step size is not 
easily found. To insure convergence, the grid spacing must 
be closely spaced where large changes in flux occur in the 
soil column, though the grid spacing may be less dense 
where relatively smaller changes in flux occur.
A feasible approach to this problem is to incorporate a 
variable nodal spacing scheme into the model, as was done 
in WATFLW. This permits the use of a fine grid in those 
portions of the soil column which have the greatest change 
in flux and a relatively less dense grid in the other 
portions. The fine grid spacing moves up and down the soil 
column from time step to time step corresponding to those 
portions where large changes in flux occur. The advantage 
of a variable nodal spacing scheme is that the number of 
nodes required is reduced and thus the number of 
computations required is also reduced.
However, this was not a feasible approach in WATFLW II 
because hysteresis was incorporated into the model. The 
rate at which soil wets is unique to the soil moisture at 
the onset of imbibation. Because soil moisture varies with
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depth, the wetting characteristics at any depth is unique 
to that point in the soil column. When the nodes are moved 
between time steps, the soil moisture history at the 
original location is lost.
Because in a variable nodal spacing scheme the nodes 
can represent an infinite number of locations within the 
soil column, a very complex accounting system of soil 
moisture as a function of depth would be required. The 
development of such a system was beyond the scope of this 
project and therefore, fixed nodal spacing was employed in 
WATFLW II. A hysteresis index as described in the previous 
section was used to track the history of each node.
5. Initial Condition. As stated earlier, the initial 
condition is comprised of a pressure head profile which 
represents the moisture state of the soil column at the 
start of simulation. The initial condition can be 
specified in two ways. The first option is a linear 
pressure head versus depth relationship. The user 
specifies the pressure head values at the top and bottom of 
the profile, and the number of space steps to be used. The 
model computes the pressure head at equally spaced nodes by 
linear interpolation. The second option is to specify all 
values of pressure head and the corresponding depth for 
each node.
6. Boundary Conditions. The boundary conditions 
comprise a defined pressure head or flow flux for the top 
and bottom nodal points for times greater than zero. The
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boundary conditions are expressed by the following
equations:
a 1h ] + a2v 1 = gQ (t) (7a)
(7b)
where: nz = number of space steps
so that for the top boundary condition:
ALPHA1 = 1
and ===> CONSTANT PRESSURE HEAD = g0(t)
ALPHA2 = 0
ALPHA1 = 0
and = = => CONSTANT FLUX = g0(t)
ALPHA2 = 1
and the bottom boundary condition:
BETA1 = 1
and ===> CONSTANT PRESSURE HEAD = g^(t)
BETA2 = 0
BETA1 = 0
and ===> CONSTANT FLUX = g-|(t)
BETA2 = 1
Thus, by allowing the alphas and betas to have the value of 
either 0 or 1 , the boundary conditions can easily be 
switched from a constant head to a constant flux.
Provisions were made in WATFLW II to account for the 
time dependency of go> the magnitude of the top boundary 
condition. The user can specify one of four options:
1 . a uniform evapotranspiration rate
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2 . a uniform rainfall hyetograph (an infiltration 
problem)
3 . a non-uniform rainfall hyetograph
4. both an evapotranspiration and a rainfall 
hyetograph (in that order)
The fourth option simulates drying of the soil profile 
until a storm commences at a specified time.
Two limits on the top pressure head boundary condition 
must also be defined by the user. A lower limit is set to 
represent the maximum suction that a soil can physically 
sustain, and an upper limit to represent the maximum depth 
of ponding that conditions permit. In the first case, the 
model will have a constant upward flux (evapotranspiration 
rate) at the top node until the top node has a pressure 
head value less than or equal to the lower limit. At that 
time the top boundary condition is changed from a constant 
flux to a constant pressure head which is equal to the 
maximum suction head.
In the second case, the top boundary condition has a 
time-dependent downward flux (rainfall rate) until the top 
node has a pressure head greater than or equal to the upper 
limit. At that time, the top boundary condition is changed 
from a downward flux to a constant pressure head which is 
equal to the maximum depth of ponding.
It is important to note that once the top boundary 
condition is set to the maximum pressure head, it will not 
switch back to a controlling flux. This is to prevent a
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reversal from wetting to drying. Simulation of cyclic 
wetting and drying would necessitate definition of primary 
drying scanning curves and both drying and wetting scanning 
curves of higher orders. Although physical data are 
available for development of tables to describe this 
behavior, they were not incorporated into the model because 
it was assumed that storms which would generate enough 
runoff to cause flooding would not have low intensities 
which might cause a reversal from wetting to drying. Thus, 
the simulation is faithful so long as there are no 
reversals from wetting to drying.
7. Program Format. A flowchart which illustrates the 
logical steps that WATFLW II follows is shown is Appendix 
B. A listing of variables used in the program, a 
description of the input data and the format, and a program 
listing of the FORTRAN source deck are included in 
Appendices C, D, and E, respectively. Although details of 
the source listing of WATFLW II are in the appendices, some 
of the more important points merit discussion.
Three soil functions are required in the model. The 
functions used for this study are listed as part of the 
FORTRAN source deck, but can be easily altered to represent 
other soil characteristic data. The variables, C (soil 
water capacity), K (hydraulic conductivity), and 9 (soil 
moisture) are functions of pressure head. If alternative 
or additional soil characteristic functions were added to 
the program to represent new soil types, then C, K, and 9
would be functions of both pressure head and soil type. 
Hydraulic conductivity is physically a function of soil 
moisture, so within the subroutine which computes K, the 
soil moisture is computed from pressure head and, in turn, 
the hydraulic conductivity is computed from soil moisture.
Another feature of WATFLW II that should be considered 
is the amount of computer time required for solution of a 
realistic problem. First, the program employs fixed nodal 
spacing and as a consequence it requires more nodes than 
would be required if a variable nodal spacing scheme could 
be devised. It follows that the computation time increases 
as the number of nodes increases. Second, the program 
employs variable time steps. Large changes in flux rate 
can sometimes force the time step to get very small so that 
the computation will converge on a solution with an 
acceptable mass balance. If this occurs, the total number 
of iterations required for the completion of the job is 
increased.
There is a trade-off between the number of nodes used 
and the size of the time step, but estimation of the 
optimum combination is not simple. A combination of time 
steps on the order of 1 0“^® hours and two to three 
hundred nodes can require up to three or four hours of 
computer time on an IBM 4341 system. It might be possible 
to alleviate this problem by incorporating a variable nodal 
spacing algorithm into WATFLW II. However, developing a 
procedure to trace the wetting record in a variable space
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domain will be a non-trivial exercise.
During execution of the program, the generated data are 
sent to the printer and written to a disk file from which 
they can be read and plotted. However, there are no 
plotting routines in WATFLW II. Once the program reaches 
the end of simulation time, it calls subroutine RUNOFF 
which computes the excess precipitation by subtracting the 
flux from the rainfall rate at each time step. The result 
is the runoff rate at each time step. Total volume of 
direct runoff is also computed.
B. SOIL DATA
In this study, the two sets of soil-water 
characteristics were used to represent two soil types: 
ANGERT #1, a silty sand, and ANGERT #2, a silty fine sand. 
Each set of soil characteristics is defined by three 
empirical formulas which represent soil moisture as a 
function of pressure head, hydraulic conductivity as a 
function of soil moisture, and soil moisture capacity as 
function of pressure head. Gillham (1973) developed the 
empirical formulas and determined the parameters of the 
equations from physical data of a dune sand. The empirical 
formulas are such that the parmameters are easily changed 
to represent different hypothetical soil types, as ANGERT 
#1 and ANGERT #2 soils. The three empirical formulas 
representing the soil-water characteristics are as follows:
H Q
where:
e = cosh(BE) - T cosh(BE) + T (8)
0 = soil moisture as a function of
pressure head (decimal fraction) 
es = saturated soil moisture (decimal 
fraction)
BE (8a)
r + 0r (8b)
h = prevailing pressure head (cm)
H0 = d for MDC
H0 = | a© + b | for MWC and PWSC (8c)
3 = g for MDC
3 =| e 0 + f | for MWC and PWSC (8d)
0 r = residual soil moisture for
MWC and MDC (decimal fraction)
0 r = Pivot point (or minimum soil
moisture at a particular depth; 
decimal fraction) for MWC and PSWC 
a,b,d,e,f,g = constants; function of
soil type
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K = m0n (9)
where: K = hydraulic conductivity as a
function of soil moisture (cm/hr)
0 = soil moisture
m,n = constants; functions of soil type
C a_eah
2fsinh(BE)d(BE)/dh 
(cosh (BE) + D  2
( 1 0 )
where: C = soil moisture capacity as 
function of pressure head 







The parameters and constants for each soil type, GILLHAM, 
ANGERT #1 , and ANGERT #2, are listed in TABLE I. A 
description of Gillham's research and the development of 
the soil parameters and constants for the two hypothetical 
soils follow.
1. Development of Empirical Formulas. The empirical 
formulas for the soil-water characteristics developed by 
Gillham were chosen for this study for several reasons. 
First, and foremost, the formula which represents the soil 
moisture versus pressure head relationship completely
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TABLE I
PARAMETERS FOR GILLHAM, ANGERT #1 , AND ANGERT #2 SOILS
PARAMETER OR CONSTANT GILLHAM ANGERT #1 ANGERT #2
Saturated Moisture 0 . 3 1 0 0.400 0.450
Content, Bs
Residual Moisture 0.093 0 . 1 0 0 0 . 1 1 0Content, 0r
H0 : d 38.706 50.000 1 00. 00
a (Equation 8c) 54.133 54.133 54.133
b (Equation 8c) -31.14 -42.82 -92.82
8: g 2. 850 2. 600 2 . 3 0 0
e (Equation 8d ) -5.748 -5.748 -5.748
f (Equation 8d ) - 1 . 2 2 1 - 1 . 2 2 1 - 1 . 2 2 1
m (Equation 9) 16930.42 9.480 0.209
n (Equation 9) 5.561 2.450 0.925
* Saturated Hydraulic 25.0 cm/hr 1 . 0 cm/hr 0 . 1 cm/hr
Conductivity, Ks
* Although Ks is not a parameter used in Equation 8, 9, 
or 1 0 , it was included here to help describe the 
physical properties of the three soils.
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describes the MDC, MWC, and an infinite number of PWSC. 
Second, the soil moisture function is easily differentiable 
with respect to pressure head. Thus, soil moisture 
capacity can be easily evaluated on main wetting and drying 
curves as well as any of the wetting scanning curves. 
Finally, the formulas were easily adapted to the computer 
model and required no interpolation.
A major part of Gillham's work involved laboratory 
measurements of a soil column which resulted in data which 
were used to compute the parameters of Equations 8 , 9, and 
10. The soil column used was 60 cm long and had a 
rectangular cross-section of 12.8 x 5.65 cm. The medium 
used was a naturally occurring soil taken from a sand dune 
area near Wray, Colorado. The particle size ranged from 
about 0.074 mm to 1.000 cm. The medium was considered to 
be non-uniform, therefore, the soil-water functions were 
considered to vary with depth. Water content was measured 
using gamma ray attenuation techniques and pressure head 
was measured using tensiometers and strain gauge 
transducers. The conductivity versus soil moisture 
function was determined using an adaptation of the 
transient procedure of Watson (1966).
A family of drying scanning curves was traced for each 
of the 29 measuring locations in the column. A similiar 
set of curves was traced for the medium being dried along 
the MDC and re-wet along the PWSC. These data were then 
used to determine the parameters for the empirical
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e quations.
a. Soil Moisture Function. The equation Gillham used 
to describe the soil moisture versus pressure head 
relationship is based on the work of King (1965). Equation 
(8) is a simplified version. The main drying curve is 
described by specifying the parameters of the empirical 
equation. The MWC and the PWSC are described by specifying 
different parameters for the same equation, and are used to 
define an infinite number of the PWSC which lie between the 
MDC and MWC.
The saturated soil moisture for the 29 measuring 
locations of the soil column ranged from 0.294 to 0.317 
with an average value of 0.310. The residual soil moisture 
values ranged from 0. 070 to 0.1 0 3 , with an average value of 
0.093. The other two parameters for the MDC, 8 and Hq, 
were also determined for each location. The average 
parameters for the soil column were 2. 85 0 for B and 38*706 
for H0.
Gillham found that for the wetting scanning curves, the 
residual soil moisture, 0r» is approximately equal to the 
soil moisture at the time of the reversal from drying to 
wetting. He then determined that B and HQ could be assumed 
to be linear functions of the residual soil moisture.
These linear relationships are defined by equations (8c) 
and (8d ) . The constants for these linear equations were 
found from the graphical results presented in Gillham's 
work. Gillham was successful in defining a whole family of
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wetting curves from a single measured curve. He credits 
this simple representation to the similarity in shape among 
the members of the family.
Drying scanning curves on the other hand, are shaped 
differently from the wetting scanning curves. Gillham was 
not able to find a simple relationship between the 
parameters, 3 and H , so he concluded that there was not a
simple method for generating a family of drying curves from 
a single measured drying curve.
Although Gillham collected the parameters for a family 
of drying scanning curves, they were not used in this study 
because interpolation would be required for generation of 
the primary drying scanning curves. Therefore, the 
problems solved by WATFLW II are limited to one reversal 
from the MDC. For future use of WATFLW II, unless an 
interpolation scheme or properly descriptive soil functions 
are devised, the same limitation must be observed.
b. Hydraulic Conductivity Function. Gillham 
determined that the hydraulic conductivities from the 
initial drying curve, the main drying curve, and the main 
wetting curve did not appear to be significantly different 
from each other. Thus, he concluded that a non-hysteretic 
hydraulic conductivity versus soil moisture relationship 
for the medium was justified. This is also supported by 
other work (e.g. Childs, 1969, and Freeze and Cherry,
1979).
The hydraulic conductivity versus soil moisture
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relationship for the laboratory column of dune sand was 
determined to be in the form of a power function 
K = m 8n . The parameters, m and n, were determined for each 
of the 29 measuring locations in the soil column.
Parameter m ranged from 13,987 to 19,860 with an average 
value for the column of 16,930. Parameter n ranged from 
4.711 to 6.250 with an average value of 5 .5 6 1 .
c. Soil Water Capacity Function. An important feature 
of the empirical equation of soil moisture versus pressure 
head is that it is easily differentiable. Thus, the soil 
water capacity, d0/dh (equation 1 0), is defined by the 
first derivative of the soil moisture versus pressure head 
equation. It also follows then, that because the soil 
moisture equation describes the MDC, the MWC, and all of 
the PWSC, soil moisture capacity can also be evaluated for 
any soil moisture-pressure head combination.
2. Estimation of Parameters for ANGERT #1 and #2 
SoiIs. The soil-water characteristics used in this study 
represent two hypothetical soils, ANGERT #1 and ANGERT #2. 
Because it was desired for this study to use soil 
characteristics which represented less porous soil types 
than the dune sand used by Gillham, new parameters for the 
empirical formulas were estimated. The parameters 
represent soil properties typical of a silty sand and a 
silty fine sand.
Saturated soil moisture values for ANGERT #1 and ANGERT 
#2 soils were estimated in accordance with the range of
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values of porosity for various soil types as cited by 
Freeze and Cherry (Table 2.4, Freeze and Cherry, 1979).
The porosity of the soil is equal to the saturated soil 
moisture. According to the table, ANGERT #1 soil which has 
a saturated soil moisture of 0.40, fits a silty sand range, 
and ANGERT #2 soil which has a saturated soil moisture of 
0.45, fits a silty fine sand range.
Hydraulic conductivity values were chosen in accordance 
with the range of values for various soil types as cited by 
Freeze and Cherry (Table 2.2, Freeze and Cherry, 1979).
The range of conductivities for a silty sand is 10~ 1 
cm/hr to 1 0“5 cm/sec (or 360 cm/hr to 0. 036 cm/hr). 
According to the table, both of the ANGERT soils fall into 
this range. ANGERT #1 has a saturated hydraulic 
conductivity value of 1.0 cm/hr and ANGERT #2 has a value 
of 0 . 1 cm/hr.
The other parameters in the soil-water characteristic 
equations which control the shape of the curves, were 
determined by trial and error. Freeze and Cherry (1979) 
show the effects of soil type on the shape of single-valued 
characteristic curves (e.g. without hysteresis). Figure 7 
illustrates hypothetical characteristic curves for three 
soil types: uniform sand, silty sand, and silty clay.
From the soil moisture versus pressure head curves, it can 
be seen that both of the saturated soil moisture and 
residual soil moisture for a silty clay soil are relatively 







Figure 7. Single-valued characteristic curves for three
hypothetical soils: (a) uniform sand; (b) silty 
sand; and (c) silty clay.
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air-entry pressure head value is more negative for a clay 
than for a silty or uniform sand. Finally, the general 
shape of the soil moisture versus pressure head curves 
varies for each soil type, which implies that the soil 
moisture capacity (de/dh) function also varies for each 
type .
The hydraulic conductivity versus pressure head curves 
reveal that for the three soils, the conductivity is 
largest for a uniform sand and smallest for a silty clay. 
Because hydraulic conductivity is a function of soil 
moisture and soil moisture is a function of pressure head, 
the shape of the soil moisture versus pressure head curve 
is reflected in the hydraulic conductivity versus pressure 
head curve. These soil-water characteristic curves were 
used as a guide for determining the new parameters of the 
hypothetical ANGERT #1 and ANGERT #2 soils.
The MDC and the MWC for Gillham's dune sand and the two 
hypothetical ANGERT soils are illustrated in Figure 8. 
Figure 9 shows an example of four PWSC for the ANGERT #1 
soil. The hydraulic conductivity versus soil moisture and 
pressure head curves are shown in Figure 10.
C. DESCRIPTION OF TEST RUNS
Each test run consists of the execution of the model 
WATFLW II for a particular combination of initial and 
boundary conditions. The initial condition comprises a



































e 8. Envelope curves for GILLHAM, ANGERT #1 , and 
ANGERT #2 soils.
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GILLHAM ANGERT #1 ANGERT #2
GILLHAM ANGERT #1 ANGERT #2
PRESSURE HEAD. CM
Figure 10. Hydraulic conductivity as a function of soil
moisture and pressure head for GILLHAM, ANGERT 
#1, and ANGERT #2 soils.
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moisture profile in the soil column after drying has been 
simulated from an initially saturated condition for some 
specified period of time. Boundary conditions comprise 
time dependent pressure head or flow flux values for the 
top and bottom of the soil column. 91 test runs were 
executed using ANGERT #1 soil and 27 test runs were 
executed using ANGERT #2 soil. The combinations of initial 
and boundary conditions used for these runs are listed in 
Tables II and III.
Output for each run includes soil moisture and pressure 
head profiles at designated simulation times from the start 
of wetting, infiltration and excess precipitation at each 
time step, and the total depth (or volume) of direct 
runoff. An example test run including input and tabular 
output, and graphical representation of the results are in 
Appendices F and G. Selected boundary conditions and 
initial conditions used for test runs are described in the 
following sections.
1. Initial Conditions. It was assumed that unusually 
large runoff events would occur as a consequence of 
rainfall on a watershed where upper soil horizons were near 
saturation from earlier events. Therefore, in terms of 
flooding potential as it relates to antecedent moisture 
conditions, it was assumed that a profile which had been 
dried from initial conditions of saturation would be the 
most meaningful way to establish the beginning soil 
moisture profile. Thus, all of the initial moisture
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TABLE II
INITIAL AND BOUNDARY CONDITIONS USED FOR TEST RUNS
USING ANGERT #1 SOIL
INITIAL
CONDITION BOUNDARY CONDITION
UNIFORM RATE NON-UNIFORM RAINFALL RATE
DRYING TIME PONDING DEPTH HUFF fS STORM DISTRIBUTIONS
(hours)
o • U> 0.6 1 .2 QI QI I QI II QI V
2 X X X X X4 X
6 X X X X X
8 X
1 0 X
1 2 X X X X X X X























60 X X X X X X X
72 X X X X X X X
96 X X X X X X
120 X X X X X X
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TABLE III
INITIAL AND BOUNDARY CONDITIONS USED FOR TEST RUNS





NON-UNIFORM RAINFALL RATE 
HUFF 1S STORM DISTRIBUTIONS
tnours;
QI QI I QI 11 QI V
6 X X X
1 2 X X X
24 X X X
36 X X X
48 X X X
60 X X X
72 X X X
96 X X X
1 20 X X X
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profiles used in this study were generated by the model in 
the following manner.
The soil column was assumed to be initially saturated 
with pressure head values that ranged from -20.0 cm 
(tension saturated) at the soil surface to 0.0 cm at the 
bottom of the 120 cm profile. Drying was then simulated by 
applying a constant upward flux of 0.0208 cm/hr at the 
upper boundary of the soil column. This flux represents 
the estimated potential evapotranspiration rate for St. 
Louis in the summer months (Thompson, 1982). The imposed 
bottom boundary condition was a constant pressure head 
equal to 0.0 cm, which is equivalent to a constant water 
table at a depth of 120 cm.
For these conditions a simulated drying period of 5 
days (120 hrs) was imposed on the soil profile. Soil 
moisture and corresponding pressure head profiles for 
ANGERT #1 soil, were recorded for the intermediate 
simulated drying times of 12, 24, 36, 48, 60, 72, and 96 
hours. These profiles, shown in Figure 11, were used as 
the initial conditions for the test runs. Hereafter, a 
soil moisture profile and corresponding pressure head 
profile after it has undergone a simulated drying time of 
24 hours (or some other time) will be referred to the 
initial state of ”24 hours drying time” .
To generate enough data to establish meaningful 
correlation between computed volume of direct runoff and 







ANGERT it 1 moisture  content and pressure  head p r o f ile s
MOISTURE CONTENT, PERCENT PRESSURE HEAD, CM
5 . 15. 2 5 . 35 . 45 . -200 . -150. -100. -50 . 0 .
Figure 11 . Soil moisture and pressure head profiles for simulated drying times of 12, 24, 36, 48, 60, 72, 96, and 120 hours for ANGERT #1 soil.
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was generated for ANGERT #1 soil by repeating the procedure 
for drying the soil column. For this set, simulated soil 
moisture and pressure head profiles were recorded at two 
hour intervals from 0 to 60 hours. These profiles are 
shown in Figure 12.
A second soil set of simulations was conducted for the 
ANGERT #2 soil. The column length was assumed to be 240 
cm, and to be initially saturated. Drying was again 
simulated by applying a constant upward flux of 0.0208 
cm/hr at the upper boundary of the soil column. The 
imposed bottom boundary condition was a constant pressure 
head of -40.0 cm, which implies the top of the capillary 
fringe was at a depth of 240 cm and the water table was at 
a depth of 280 cm. For these conditions a simulated drying 
period of 5 days (120 hours) was imposed on the soil 
profile. Soil moisture and corresponding pressure head 
profiles for ANGERT #2 soil were recorded for the 
intermediate simulated drying times of 6, 12, 24, 36, 48, 
60, 72, and 96 hours. These profiles are shown in 
Figure 13•
2. Boundary Conditions. In the model, infiltration 
rate is dependent upon, among other things, the depth of 
ponding on the soil surface. Therefore, to determine the 
sensitivity of the model to ponding depth, three ponding 
depths (chosen to represent the depths which might be 
expected during rainfall on flat, intermediate, and steep 
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ANGERT #2 m o isture  content  and pr essu r e  head p r o f i l e s
MOISTURE CONTENT. PERCENT
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FiRure 13. Soil moisture and pressure head profiles for simulated drying times 
of 6, 12, 24, 36, 48, 60, 72, 96, and 120 hours for ANGERT #2 soil.
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uniform rainfall rate.
First, runoff and infiltration resulting from a uniform 
rainfall rate of 5 cm/hr for 12 hours on the ANGERT #1 soil 
was simulated. This was done for each of the initial 
moisture profiles for 12, 24, 36, 48, 60, 72, 96, and 120 
hours shown in Figure 11. To ensure that runoff would be 
generated, the uniform rate was chosen to be 5 cm/hr, 
approximately five times the saturated hydraulic 
conductivity. The upper limiting bound on the pressure 
head was set at 0.6 cm to represent a ponding depth that 
might occur on a profile with an average surface slope.
The uniform rainfall rate was then applied to the same set 
of initial moisture profiles, varying the ponding depth to 
0.3 and 1.2 cm, estimated depths for steep and flat slopes, 
respecti vely.
Next, runoff and infiltration resulting from a uniform 
rainfall rate of 5 cm/hr for 12 hours on the ANGERT #1 soil 
was simulated for each of the moisture profiles shown in 
Figure 1 2 (2, 4, 6, 8, 1 0, 1 4, 1 6, 1 8, 20, 22, 26, 28, 30, 
32, 34, 38, 40, 42, 44, 46, 50, 52, 54, 56, and 58 hours) . 
Because the relative effects of ponding depth should be 
similar for the three ponding depths of 0.3» 0.6, and 1.2 
cm, for the simulations described, only the ponding depth 
of 0.6 cm was used.
Because runoff rate depends on the difference between 
rainfall intensity and infiltration rate, it was assumed 
that the temporal distribution of rainfall might effect the
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correlation between the generated volume of direct runoff 
and antecedent moisture. Therefore, effects of non-uniform 
rainfall hyetographs on runoff versus antecedent moisture 
were evaluated for a third set of selected initial moisture 
profiles for ANGERT #1 soil. This set consisted of 2, 6,
12, 14, 18, 24, 36, 48, and 60 hours of drying time (shown
in Figures 11 and 12). Probable Maximum Precipitation 
(PMP) values were used to ensure there would be simulated 
runoff and to prevent the soil profile from drying because 
rainfall intensity was less than infiltration capacity.
The selected temporal distributions for the rainfall 
hyetographs were based on the work of Floyd A. Huff 
(1980). As a result of his studies, Huff recommends that 
"for storm duration of 12 hours or less, first- and 
second-quartile curves be used to establish the time 
distribution of PMP rains. Time distribution for PMP rains 
between 12 and 24 hours should use the third-quartile 
curves, and for storms greater than 24 hours the 
fourth-quartile curves should be used.11
Two 6-hour PMP storms were applied using Huff’s first- 
and second-quartile distributions. A 12-hour PMP was 
applied using Huff’s third-quartile distribution and a 24- 
hour PMP using the fourth-quartile distribution. As 
suggested by Huff (1980) the median time distributions were 
used for all four quartile events. The time increments 
were chosen to be 1 hour increments for the 6- and 12-hour 
PMP and 2 hour increments for the 24-hour PMP. The four
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PMP storm distributions are listed in Table IV and are 
shown in Figure 14.
Finally, the temporal storm distribution analysis (in 
abbreviated form) was performed of ANGERT #2 soil. Effects 
of the QII, QIII, and QIV storm hyetographs on runoff 
versus antecedent moisture were evaluated for initial 
moisture profiles of 6, 12, 24, 36, 48, 60, 72, 96, and 120 
hours (shown in Figure 13)-
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TABLE IV








QI QI I QI II QI V
0 0
28.75 5.75 1 .70 1 .371 224.44 20.85 5.12 (3.41) 1 .372 48.63 25.1 6 3-41 (3.41) 1.373 64.31 1 3.66 1.71 (3.41) 1 .374 8
4.31 4.31 4.27 1.375 1 01.44 2.16 7.68 1 .836 1 2
1 7.92 1 .83
7 1 400■=T•oOJ 3.668 1 6
1 1 .95 5.26
9 18
7.68 10.291 0 20
2.56 13.72
1 1 22
0.85 2.891 2 24
TOTAL











































Figure 14 Huff's quartile rainfall distributions for 
6-, 12-, and 24-hour PMP storms.
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IV. RESULTS AND DISCUSSION
Results from each of the test runs include soil moisture 
and pressure head profiles which were generated during the 
simulated storms, a table of infiltration and excess 
precipitation values at each time step, and the total depth 
(or volume) of direct runoff. Because the purpose of this 
study was to evaluate the relationship between antecedent 
moisture and volume of direct runoff, only those results 
which pertain to this end will be presented and discussed 
in this section.
A. ANGERT #1 SOIL
1 . Ponding Depth. To determine sensitivity of the 
simulation to ponding depth, three ponding depths (chosen 
to represent the depths which might be expected during 
rainfall on flat, intermediate, and steep slopes) were 
imposed on one of the soils, ANGERT #1, for a simulated 
uniform rainfall rate of five cm/hr. Results of the tests 
are shown in Table V.
As is shown in Table V, for each initial moisture 
state, the volume of runoff generated during the simulation 
decreased with increasing ponding depth. The parameter 
represents the rate of decrease of runoff per unit 
increase of ponding and ranges from 0.11 to 0.26. This 
indicates that for a 1 cm increase in ponding depth, the 
volume of runoff decreased only 0.26 cm or less (1 percent
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TABLE V






0.3 cm 0.6 cm 1 .2 cm (cm/cm)
12 41.7024 41.6719 41 .601 4 . 11
24 39.3477 39.3031 39.2210 .14
36 38.2904 38.2379 38.1354 .17
48 38.0607 37.9818 37.8286 .26
60 38.0339 37.9545 37.7972 .26
72 38.0033 37.9232 37.7652 .26
96 38.0404 37.9604 37.8020 .26
120 38.0783 37.9982 37.8401 .26
* Volume of runoff in cm
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or less of the total runoff volume). Results of 
these tests imply that ponding depth is not an important 
factor for large runoff events.
2. Antecedent Soil Moisture Versus Volume of Runoff.
It has long been recognized that runoff rates from storms 
are highly dependent on, among other things, the wetness of 
the watershed when the storm arrives. It seems logical 
then to look toward the measurement of antecedent soil 
moisture (with soil moisture probes) as a way of assessing 
the antecedent moisture state of a watershed at the onset 
of a storm to improve the prediction of runoff volumes. 
Also, it is known that soil moisture varies with depth and 
with time and that the rate of change of moisture at any 
given depth varies according to whether the soil is wetting 
or drying. Therefore, results of the simulations were used 
to determine if a theoretical relationship exists between 
antecedent soil moisture at a discrete depth and volume of 
runoff generated from a simulated storm.
Runoff from a 12-hour storm with a uniform rainfall 
rate of 5 cm/hr on ANGERT #1 soil was simulated for each of 
33 initial moisture states. The initial soil moisture at 
depths of 10, 20, 40, and 60 cm was used to evaluate the 
effect of depth on the soil moisture versus runoff 
relationship. Results of the simulations are shown in 
Figure 15. This figure illustrates the normalized runoff 
volume (percent of the total storm) versus the normalized 
moisture content at depth (percent of the saturated soil
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Figure 15. Normalized runoff versus normalized soil 
moisture for ANGERT #1 soil.
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moisture).
By visual inspection, the best linear relation between 
volume of runoff and initial soil moisture when plotted on 
rectangular coordinates occurs at a depth of 20 cm. The 
relation best described by a power function (linear on 
logarithmic coordinates) occurs at a depth of 10 cm.
Results of correlation coefficients support these 
observations. The correlation coefficient for the linear 
relationship between volume of runoff and initial soil 
moisture at a depth of 20 cm is .999. The correlation 
coefficient for the logarithmic relationship between volume 
of runoff and initial soil moisture at a depth of 10 cm is 
.98.
There are two other important things to note about the 
results. First, at depths 40 and 60 cm, the relationship 
between volume of runoff and the initial soil moisture 
cannot be adequately linearized by either an exponential or 
a power function transformation. However, it is important 
to know the range of depths for which a simple linear 
equation of a power function can be used to effectively 
describe the relationship between runoff and antecedent 
moisture. Results of the simulation on ANGERT #1 soil show 
that the initial soil moisture should be monitored at a 
depth within the upper 25 or 30 cm of the soil profile. 
Because of the excellent correlation for the simple linear 
relation between initial moisture and runoff, the remaining 
discussion will be with respect to the initial soil
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moisture at a depth of 20 cm.
The second important item to note is that the linear 
and power function relationships are valid for only a 
certain range of initial soil moisture values. For 
normalized initial soil moisture values (at a depth of 20 
cm) less than about 27 percent (11 percent by bulk volume), 
the volume of runoff generated is independent of the 
initial moisture state. For normalized soil moisture 
values greater than about 27 percent, the volume of runoff 
is clearly dependent on the initial moisture. This can be 
seen more clearly in dimensionalized form in Figure 16 
which shows the total volume of runoff as a function of the 
hours of simulated drying time.
As shown in Table VI, for initial moisture contents 
greater than 11 percent by bulk volume, saturation in the 
soil column occurred within the 12-hour simulated storm.
For initial soil moisture values less than 11 percent by 
bulk volume, saturation in the soil column did not occur 
during the simulated storm. This implies that the 
correlation between the volume of runoff generated and 
antecedent moisture is dependent on whether or not 
saturation occurred during the simulation.
First consider only the simulations for which the 
initial soil moisture values were greater than 11 percent 
by bulk volume. The initial soil moisture at a depth of 20 
cm is indicative of the potential storage in the column.
For example, the initial soil moisture at a depth of 20 cm
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38.71 37.81 46.344 0.64
37.53 34.14 45.062 1 . 4 4
36.43 30.49 44.036 2.27
35.35 27. 22 43.100 3.22
34.32 24.50 42.308 4 . 1 3
33.41 22.39 41.672 4. 94
32.49 20.52 41.078 5 . 7 9
31 .61 18.96 40.671 6.48
30.79 17.64 40.229 7.22
30.02 16.52 39.876 7.88
29.38 15.67 39.602 8. 37
28.70 1 4.81 39.303 8.96
28.05 14.08 39.063 9. 45
27. 46 1 3.43 38.843 9.91
26.83 1 2.81 38.630 1 0 . 3 6
26.32 1 2.34 38.465 1 0.73
25.96 12.03 38.361 10.99
25.51 11.67 38.238 11.30
25.09 11.38 38.164 1 1 . 4 5
24.70 11.13 38.040 11.84


























































after 12 hours of simulated drying time is 22.39 percent by 
bulk volume with an actual total initial soil moisture in 
the column of 33.41 percent by bulk volume. This is 
equivalent to a total potential storage in the soil column 
of 6.59 percent by bulk volume (40 percent minus 33.41 
percent). The initial soil moisture after 36 hours of 
simulated drying time is 11.67 percent by bulk volume with 
a total potential storage in the soil column of 14.5 
percent by bulk volume.
As initial soil moisture (at a depth of 20 cm) 
decreases, the corresponding total potential storage in the 
soil column increases. The initial soil moisture at a 
depth of 20 cm decreased from 22.39 percent by bulk volume 
(after 12 hours of drying time) to 11.67 percent by bulk 
volume (after 36 hours of drying time). The corresponding 
total potential storage in the soil column inccreeased from 
6.59 percent by bulk volume to 14.49 percent. Thus a 
decrease in soil moisture of 10.72 percent by bulk volume 
at a depth of 20 cm corresponds to an increase in total 
potential storage in the soil column of 7.90 percent by 
bulk volume. For this example, this translates into a 0.74 
percent increase in storage potential for a 1 percent 
decrease in initial soil moisture as measured at a depth of 
20 cm.
This is illustrated in Figure 17 which shows five 
initial soil moisture states. The area above and to the 
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Figure 17. Five initial moisture states corresponding to 12, 24, 36, 48, and 
120 hours of simulated drying time for ANGERT #1 soil.
84
potential storage available in the soil column. Thus, the 
area between any two initial moisture profiles represents 
the increase in storage potential from one state to the 
next. As the initial soil moisture decreases, there is a 
corresponding increase in the storage potential in the soil 
column. Therefore, the volume of runoff generated would 
also be expected to decrease. However, results of the 
simulation showed this to be true only for those initial 
states for which the initial soil moisture at a depth of 
20 cm was greater than 11 percent by bulk volume.
Now consider only the simulations for which the initial 
soil moisture at a depth of 20 cm was less than 11 percent 
by bulk volume. The initial soil moisture at a depth of 20 
cm decreased from 10.52 percent by bulk volume (after 48 
hours of drying time) to 10.08 percent by bulk volume with 
an additional 3 days of simulated drying time (after 120 
hours total drying time). The corresponding total 
potential storage increased from 16.58 percent by bulk 
volume to 19.28 percent. Thus, a decrease in soil moisture 
at a depth of 20 cm of only 0.44 percent by bulk volume 
results in an increase in total potential storage of 2.7 
percent by bulk volume results, or an increase in potential 
storage of 6.1 percent by bulk volume for a 1 percent 
decrease in initial soil moisture.
By comparison, for the initial states where the soil 
moisture at a depth of 20 cm was less than 11 percent by 
bulk volume, a unit decrease in soil moisture yields a
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large increase in total potential storage relative to that 
for the initial states where the soil moisture was greater 
than 11 percent by bulk volume (6.1 percent versus 0.7*1 
percent). This might seem to imply that for values less 
than 11 percent by bulk volume, initial soil moisture at a 
depth of 20 cm is not indicative of the total potential 
storage in the soil column. Therefore, a good correlation 
between antecedent soil moisture and volume of runoff 
should not be expected. However, this line of reasoning is 
incorrect.
As shown previously, the potential storage in the soil 
column after 120 hours of simulated drying time is greater 
than that after only 48 hours of simulated drying time. 
Therefore, it might be expected that the volume of runoff 
generated from identical storms on soil which had been 
dried for 120 hours would be less than that from soil which 
had been dried only 48 hours. However, results of the 
simulation show that this is not the case. For initial 
states where the soil moisture at a depth of 20 cm was less 
than 11 percent by bulk volume, the volume of runoff 
generated is essentially constant regardless of the initial 
soil moisture.
Infiltration rate is a function of the hydraulic 
conductivity and the hydraulic gradient. Furthermore, the 
hydraulic gradient and the hydraulic conductivity are a 
function of the prevailing pressure head at depth. As may 
be inferred from Figure 12, for the initial states for
which the soil moisture at a depth of 20 cm was less than 
11 percent by bulk volume (simulated drying times greater 
than or equal to 42 hours), the pressure head gradients 
(hence the hydraulic gradients) in the upper 20 cm of the 
soil column are nearly equal. As shown in Figure 10 for 
ANGERT #1 soil, for the corresponding range of pressure 
head values (less than about -110 cm), the hydraulic 
conductivity is also essentially constant. Therefore, the 
infiltration rate that prevails during the simulated storm 
is approximately equal for all of the initial moisture 
states for which the soil moisture at a depth of 20 cm is 
less than 11 percent by bulk volume. As a consequence, the 
wetting front might be expected to propagate through each 
of the soil columns at the same rate.
Figures 18 and 19 show the soil moisture and pressure 
head profiles resulting from the simulated 12-hour storm 
with a uniform rainfall rate of 5 cm/hr on soils with 
initial moisture states corresponding to 48 and 120 hours 
of simulated drying time, respectively. Comparing the two 
figures, it can be seen that the wetting fronts are in 
approximately the same location in both of the soil columns 
after two and four hours of simulated infiltration.
Although the pressure head values in the column that was 
dried for 48 hours are greater (less negative) than those 
in the column that was dried for 120 hours, the pressure 
head gradients are still approximately equal.
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Figure 19. Soil moisture and pressure head profiles for ANGERT #1 soil resulting 
from a soil column which was dried initially for 120 hours.
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was dried for 48 hours had propagated a little deeper than 
the wetting front in the soil column that was dried for 120 
hours. The pressure head values just below the wetting 
front in the soil column that was dried for 48 hours are 
greater than -50 cm while the pressure head values in the 
other soil column are a little less than -50 cm. As shown 
in Figure 10 for ANGERT #1 soil, the hydraulic conductivity 
increases rapidly with increasing pressure head values in 
the range of about -50 cm to -20 cm. It follows that the 
rate of infiltration will also change more rapidly in this 
range of pressure head values.
Although the conductivity starts to increase rapidly 
with increasing pressure heads in the range of -50 cm to 
-20 cm, the decreased range of pressure head values results 
in a marked decrease in the pressure head gradients within 
the soil column. As a net result, the infiltration rate 
decreases. However, because there is less pore space to 
fill, the wetting front advances at a faster rate. As 
shown in Figures 18 and 19, after 8, 10, and 12 hours of 
simulated rainfall, the wetting front in the column which 
was dried for 48 hours moved farther and farther ahead of 
the wetting front in the soil column that was dried for 120 
hours. Thus, if the storm duration were long enough, the 
soil column that was dried for 48 hours would saturate in 
less time than the soil column that was dried for 120 
hours.
Even though one column has much more total potential
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storage, if the hydraulic gradients and the hydraulic 
conductivities are essentially equal at the onset of a 
simulated storm, the infiltration rates will be equal and 
will decrease with time at the same rate until the 
hydraulic conductivity at depth starts to change 
significantly with increasing pressure head. Until this 
time, the infiltration rates are essentially the same and 
the volume of runoff that is generated is nearly constant 
irrespective of the initial moisture state of the soil. 
Thus, it follows that the effects of the initial soil 
moisture or storage potential are most evident with regard 
to the volume that is generated when the soil column is 
comparatively near saturation at the onset of the storm.
If a storm were of sufficient duration to saturate the soil 
profiles, then the volume of runoff would always be 
dependent on the antecedent moisture.
3. Non-uniform Rainfall Distributions. Results of the 
simulations involving uniform rainfall rates showed that a 
quantifiable relationship exists between antecedent 
moisture and volume of runoff. Results also indicated that 
the relationship is dependent on storm duration. Because 
simulated runoff occurs when water is supplied at a greater 
rate than can be transmitted downward through the soil 
surface, it is also inferred that the relation between 
antecedent moisture and runoff would be affected by 
rainfall intensity (independently of the mechanical effects 
of raindrops on the soil surface). To study the effects of
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storm duration and intensity, runoff resulting from four 
non-uniform rainfall distributions was simulated for 
selected initial moisture states.
Huff's (1980) system of distributions was used. A 
6-hour PMP was used for the first- and second- quartile 
storm distributions, a 12-hour PMP was used for the 
third-quartile distribution, and a 24-hour PMP was used for 
the fourth-quartile distribution. The resulting relations 
between antecedent moisture and runoff are shown in Figures 
20 and 21. On the basis of these simulations, it -can be 
argued that the temporal distribution of a storm has two 
effects on the relationship between antecedent moisture and 
volume of runoff.
First, the temporal distribution affects the total 
volume of runoff generated. In the first- and 
second-quartile distributions where the major volume of 
rainfall occurs in the first and second quarters of the 
total storm time, a larger percent of the total rainfall 
became runoff than in the third- and fourth-quartile 
distributions where the major volume of rainfall occurs in 
the third and fourth quarters of the total storm time, 
respectively. This behavior can be explained in terms of 
the rainfall intensities for each storm as shown in Figure 
22. Because the first- and second-quartile storms have a 
shorter duration without an equivalent decrease in total 
rainfall, the average intensities per quarter of the storm 
time are generally greater than those for the third- and
92
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Figure 21. Effects of rainfall distribution on normalized runoff versus 
drying time prior to storm arrival for ANGERT #1 soil.
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PERCENT OF TOTAL STORM TIME
Figure 22. Average intensity per quarter of storm time 
for Huff's quartile rainfall distributions
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fourth-quartile storms.
The Hortonian concept of runoff generation is that 
runoff occurs when rainfall intensity exceeds infiltration 
capacity. For the analysis discussed herein, this is 
equivalent to runoff commencing when ponding occurs on the 
soil surface. According to the Hortonian concept, the 
largest percent of runoff would occur during the quarter of 
the storm in which the difference between rainfall 
intensity and infiltration is greatest. Because the first- 
and second-quartile storms have higher initial intensities 
than the third- and fourth-quartile storms, ponding on the 
soil surface occurs much earlier for first- and second- 
quartile storms.
Consider second- and fourth quarti1 e-storms, examples 
of (relatively) fast and slow ponding times. With an 
initial moisture state resulting from 2 hours of simulated 
drying time, simulation of the second-quartile storm showed 
that ponding occurred 0.143 hours after the onset of the 
storm. With an initial moisture state corresponding to 120 
hours of drying time, ponding occurred 0.307 hours after 
the onset of the storm. For the range of drying times 
considered, simulation of the second-quartile storm showed 
that ponding occurred within the first 2 to 5.1 percent of 
the total storm time of 6 hours.
With an initial moisture state corresponding to 2 hours 
of drying time, simulation of the fourth-quartile storm 
showed that ponding occurred 2.68 hours after the onset of
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the storm. With an initial moisture state corresponding to 
120 hours of drying time, ponding occurred 10.0 hours after 
the onset of the storm. For the range of drying times 
considered, simulation of the fourth-quartile storm showed 
that ponding occurred within the first 10.83 to 41.67 
percent of the total storm time of 24 hours.
On the basis of the second- and fourth-quartile storms, 
it can be concluded that the higher intensities in the 
first two quarters of the total storm time for the 
second-quartile storm cause the soil column to saturate in 
the upper few centimeters of soil at a faster rate than for 
a fourth-quartile storm which has lower average intensities 
in the first two quarters. Thus, for the second-quartile 
storm all of the water which is applied for up to the first 
5.1 percent of the total storm time is transmitted through 
the soil column. Once the upper few centimeters are 
saturated, ponding occurs on the soil surface and runoff 
begins. For the remainder of the storm time the 
infiltration rate decreases with time until it reaches its 
final infiltration capacity at complete column saturation 
(or until the storm ends).
On the other hand, for the fourth-quartile storm, all 
of the water which is applied for up to the first 41.67 
percent of the storm time is transmitted through the soil 
surface. Therefore, runoff can occur during the remaining 
58.23 percent of the storm time. Even though the largest 
amount of rainfall occurs in the last quarter of the storm,
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the difference between the application rate and the 
infiltration rate is smaller than that for the second- 
quartile storm. Hence, as compared to a second-quartile 
storm, runoff during a fourth-quartile storm occurs for a 
shorter percentage of storm time, and the runoff rates are 
smaller. It follows then, as compared to a second- 
quartile storm, during a fourth-quartile storm a smaller 
percent of the total rainfall becomes runoff.
Because the largest amount of the rainfall occurs in 
the second half of the third- and fourth- quartile storms, 
it may be inferred that the two storms would behave 
similarly. Thus, for a third-quartile storm, the 
percentage of total rainfall which becomes runoff is less 
than that for a second-quartile storm but greater than that 
for a fourth-quartile storm. One would also expect a 
first- and second-quartile storm to behave similarly. Both 
storms have high initial intensities causing fast ponding. 
The durations are also equal (hence the volume of rainfall) 
for both storms, therefore, the percentage of rainfall 
which becomes runoff for a given initial moisture state is 
approximately equal for each.
The second effect of the temporal distribution relates 
to the degree to which volume of runoff depends on initial 
soil moisture. Consider, for example, the plots of 
normalized volume of runoff versus normalized soil moisture 
as shown in Figure 20. For first- and second- quartile 
storms, a linear relationship exists for normalized soil
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moistures greater than 47.5 percent. For the third- 
quartile storm, this relationship exists for normalized 
soil moistures greater than 29 percent, and for the fourth- 
quartile storm, the relationship exists for normalized soil 
moistures greater than 25 percent. The range of soil 
moisture for which runoff is dependent on soil moisture is 
smaller for first- and second-quartile storms than for 
third- and fourth-quartile storms. This behavior is 
entirely commensurate with the results of the simulations 
using the uniform rainfall storm because it can also be 
explained in terras of time required to saturate the soil 
column.
As shown in Table VII, for each of the rainfall 
distributions, the smallest initial soil moisture (at a 
depth of 20 cm) for which saturation in the soil column 
occurred during the simulation corresponds to the smallest 
value for which the volume of runoff generated was 
dependent on the initial moisture state. Third- and 
fourth-quartile storms have longer durations and lower 
intensities in the first two quarters of the total storm 
time than the first- and second-quartile storms. For the 
former storms, more rainfall was transmitted through the 
soil column and less became runoff. Therefore, during the 
simulated third- and fourth-quartile storms, saturation 
occurred for a wider range of initial soil moisture values 
than for first- and second-quartile storms.
For the first- and second-quartile storms, which have
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TABLE VII
VOLUME OF RUNOFF AND TIME TO SATURATE FOR HUFFfS QUARTILE 

































2 38.71 37.81 64.21 3 0.55 64.270 0.62 0.143
6 36.43 30.49 61.943 2.09 61.999 2.26 0.230
1 2 33. *11 22.39 59.606 4.69 59.653 4.87 0.290
14 32.49 20.52 58.997 5.52 59.056 5.70 0.290
18 30.79 17.64 58.465 >6 58.597 >6 0.300
24 28.70 14.81 58.286 58.363 0.300
36 25.51 11.67 58.163 58.225 0.306
48 23.42 10.52 58.219 58.183 0.303
60 22.19 10.21 58.114 58.175 0.307
72 21 .45 10.12 58.496 58.257 0.304
96 20.86 10.08 58.300 0.306


































2 38.71 37.81 72.224 1 .30 66.240 2.68 2.68
6 36.43 30.49 69.833 3.11 64.921 6.34 6.34
1 2 33.^1 22.39 67.720 5.87 63.605 9.98 9.98
1 4 32.49 20.52 67.161 6.86 63.404 10.53 1 0.0
18 30.79 17.64 66.280 8.1 5 62.654 12.19 10.0
24 28.70 14.81 65.340 9.85 62.015 13.69 10.0
36 25.51 11.67 64.341 >12 61.242 15.70 10.0
48 23.42 10.52 64.239 60.857 16.86 10.0
60 22.19 1 0.21 64.216 60.685 17.46 10.0
72 21 .45 10.12 64.193 60.608 17.76 10.0
96 20.86 10.08 64.196 60.511 18.14 10.0
1 20 20.72 10.08 64.194 60.492 18.20 10.0
shorter durations and higher intensities during the first 
two quarters of the total storm time, only relatively wet 
initial moisture states reached complete saturation during 
simulation. Hence, the degree of dependence that the 
volume of runoff has on the initial soil moisture is a 
reflection of the storm duration and intensity. In other 
words, the effects of the initial soil moisture are most 
evident with regard to the volume of runoff generated if 
the storm duration and intensity are such that complete 
saturation in the soil column is reached during the 
simulation.
B. ANGERT #2 SOIL
In a limited attempt to evaluate the effects of soil 
texture on the relation between antecedent soil moisture 
and volume of runoff, selected parts of the simulation 
procedure for the non-uniform storm distributions were 
repeated on a hypothetical ANGERT #2 soil. The ANGERT #2 
soil was less permeable than the ANGERT #1 soil (Ks = 0.1 
cm/hr versus Ks = 1.0 cm/hr) and twice as deep (240 cm 
versus 120 cm). Because the simulations involving ANGERT 
#1 soil yielded similar results for the first- and second- 
quartile storm distributions, only second-, third-, and 
fourth- quartile storm distributions were used for 
simulations involving the new soil column.
Results of simulations using Huff’s quartile 
distribution PMP storms for ANGERT #2 soil are shown in
ANGERT #2 runoff versus  i n i t i a l  moisture
100].
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Figure 23. Effects of rainfall distribution on normalized runoff versus normalized soil moisture for 
ANGERT #2 soil.
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VOLUME OF RUNOFF AND TIME TO SATURATE FOR HUFF'S QUARTILE 
RAINFALL DISTRIBUTIONS USING ANGERT #2 SOIL
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( h r s )
6 35.12 1 2.66 65.912 >6 76.920 >1 2 78.980 >24
12 34.83 12.52 65.899 76.900 78.931
24 34.23 12.36 65.884 76.877 78.930
36 33.67 12.26 65.873 76.860 78.891
48 33.11 12.16 65.863 76.876 78.830
60 32.56 12.06 65.852 76.823 78.797
72 32.02 11.96 65.855 76.816 78.766
96 30.97 11.77 65.836 76.778 78.705
1 20 29.94 11.61 65.820 77.765 78.648
Figures 23 and 24, and Table VIII. The results of the 
simulations are in accordance with conclusions derived from 
simulations involving the ANGERT #1 soil for conditions 
when the column remained unsaturated. However, two small 
differences between the simulations for ANGERT #1 and 
ANGERT #2 soils can be noted from inspection of the 
figures. The first difference is that the length of 
simulated drying time required for the hydraulic gradients 
at the column surface to become equal was much longer for 
ANGERT #1 soil than for ANGERT #2 soil. For ANGERT #2 
soil, the hydraulic gradients became equal at the surface 
after a simulated drying period of only six hours. For 
ANGERT #1 soil, the hydraulic gradients became equal after 
about 42 hours of simulated drying time.
It is obvious from Figure 23 that for simulated drying 
of ANGERT #2 soil for periods of 6 hours or more, there is 
little change in soil moisture at a depth of 20 cm.
Because the ANGERT #2 soil column has twice the depth of 
the ANGERT #1 column, it might be assumed that a depth of 
40 cm should have been used to indicate the total potential 
storage in the soil column. However, the increase in total 
potential storage in the soil column for a one percent by 
bulk volume decrease in soil moisture at a depth of 20 cm 
is about the same for the ANGERT #2 soil as it was for the 
ANGERT #1 soil for those moisture states that were 
initially dried for simulated periods greater than
42 hours.
For example, the initial soil moisture at a depth of 
20 cm after 6 hours of simulated drying time is 12.66 
percent by bulk volume with a corresponding total potential 
storage in the column of 9.88 percent by bulk volume. The 
initial soil moisture at a depth of 20 cm after 120 hours 
of drying time is 12.66 percent by bulk volume with a 
corresponding total potential storage in the column of 
15.06 percent by bulk volume. In terms of percent change, 
a unit decrease in soil moisture at 20 cm corresponds to a 
4.93 percent decrease in total potential storage in the 
soil column. As compared to the ANGERT #1 soil for the 
moisture states that were initially dried for simulation 
periods greater than 42 hours, the total potential storage 
increases at a slightly smaller rate for a unit decrease in 
soil moisture at a depth of 20 cm (4.93 percent versus 6.10 
percent). Therefore, if comparison of the simulations in 
the two soils is made with reference to the soil moisture 
at a depth of 20 cm for those initial profiles representing 
drying periods greater than 42 hours, similar results 
should be expected.
This leads to the second difference between the 
simulations involving the two soil types. From Figure 23 
it is obvious that there is a slight reduction in runoff 
(less than one percent of the total) associated with 
decreasing initial soil moisture for ANGERT #2 soil.
Recall that infiltration rate is a function of the 
hydraulic gradient and the hydraulic conductivity. As may
be inferred from Figure 13, for all of the initial moisture 
states used for the ANGERT #2 simulations, the pressure 
head gradients (hence the hydraulic gradients) in the upper 
20 cm of the soil column are nearly equal. As may be 
inferred from Figure 10 for ANGERT #2 soil, for the 
corresponding range of pressure head values (less than 
about -175 cm), the hydraulic conductivity is also 
essentially constant. Therefore, the infiltration rate at 
the onset of a given storm is approximately equal for each 
initial moisture state.
As was demonstrated for the simulations involving the 
ANGERT #1 soil, the infiltration rates remain essentially 
equal for all of the initial moisture states until the 
prevailing pressure head just below the wetting front 
becomes great enough such that the hydraulic conductivity 
is no longer essentially constant. For the ANGERT #1 soil 
the hydraulic conductivity begins to increase significantly 
with decreasing negative pressure head at about -50 cm. 
Thus, for the simulations for which the initial moisture 
states had approximately equal hydraulic gradients and 
conductivities at the onset of the storm, the infiltration 
rates were essentially constant for each case until the 
soil column was very near saturation. That is, 
infiltration rates became a function of the initial soil 
moisture state when the pressure head just below the 
wetting front was greater than about -50 cm.
For ANGERT #1 soil, apparent dependence of 
infiltration rate on initial soil moisture (hence 
dependence of runoff volume on initial soil moisture) 
occurred when the soil column reached complete saturation 
during the simulation. However, for ANGERT #2 soil 
apparent dependence of infiltration rate on initial soil 
moisture occurred for all initial moisture states, even 
though complete saturation did not occur during the 
simulation.
The difference in behavior of the two soils can be 
explained in terms of the hydraulic conductivity versus 
pressure head function. As shown in Figure 10 for ANGERT 
#2 soil, hydraulic conductivity changes with pressure head 
at very high negative values as compared with the ANGERT #1 
soil. Therefore, even though the hydraulic gradients and 
the hydraulic conductivities are essentially equal for all 
of the initial states at the onset of a simulated storm, 
the infiltration rate shows dependence on the initial soil 
moisture because hydraulic conductivity changes with 
changing pressure head even at large negative values.
Thus, for ANGERT #2 soil the initial moisture state is 
reflected in the volume of runoff generated for a given 
storm regardless of the time required to saturate the
column.
V. CONCLUSIONS
The objective of this study was to determine whether it 
is theoretically feasible to use antecedent soil moisture 
as a tool for predicting direct runoff. Subordinate goals 
were to assess the effects of ponding depth and temporal 
distribution of rainfall on the relationship between runoff 
and antecedent moisture.
To accomplish this end, a digital model was developed 
to simulate the infiltration process by solving the 
one-dimensional equation for variably saturated flow 
through porous media. Runoff volume was calculated as the 
difference between simulated rainfall and simulated 
infiltration.
To evaluate effects of different soils on the relation 
between antecedent soil moisture and runoff, two sets of 
hypothetical soil-water characteristic curves were 
developed. ANGERT #1 soil approximates a silty sand and 
ANGERT #2 soil approximates a silty fine sand. A set of 
moisture profiles in each soil column was generated by 
simulating the drying of a soil column from a fully 
saturated state for periods up to five days. The resulting 
profiles were used as initial moisture states for 
simulation on each hypothetical soil. Infiltration and 
runoff in response to rainfall were then simulated for each 
of these moisture states.
A uniform rainfall rate and three different ponding
1 1 0
depths were applied to selected initial moisture states for 
ANGERT #1 soil. Although the results show that volume of 
runoff decreases slightly with increasing ponding depth, as 
depth of ponding was increased from 0.3 cm to 1.2 cm, the 
volume of runoff decreased less than one percent .
Therefore, in a practical sense, depth of ponding is 
probably not an important factor in the generation of 
runoff.
Results of simulations using a uniform rainfall rate of 
5 cm/hr and a storm duration of 12 hours for the ANGERT #1 
soil, showed that a well defined relationship exists 
between soil moisture in the upper 20 or 30 cm of the soil 
column and volume of direct runoff. At a depth of 
approximately 20 cm the relationship is linear whereas at a 
depth of about 10 cm runoff seems to be best expressed as a 
power function of soil moisture. However, this holds true 
only for a certain range of initial moisture states. Once 
the soil reaches an initial soil moisture sufficiently low 
to prevent resaturation of the soil column during the 
simulated storm, the volume of runoff generated is 
independent of the initial soil moisture. This 
independence is best explained in terms of the hydraulic 
gradient and the hydraulic conductivity of the soil column.
If the hydraulic gradients in the upper soil column of 
two initial moisture states are equal at the onset of a 
storm and the pressure heads are small enough such that the 
conductivities are also equal, then the infiltration rates
for the two soil columns are also equal. As the wetting 
front moves through the soil columns, the corresponding 
pressure heads increase resulting in a reduction in the 
hydraulic gradients. Therefore, the infiltration rates of 
the two soil columns decrease with time at the same rate 
until the pressure head just below the wetting front 
increases to a value greater than about -50 cm. At this 
time, the small negative pressure head causes a rapid 
increase in the hydraulic conductivity and the infiltration 
rate is no longer equal for the two soil columns. The soil 
column which is wetter initially reaches this point first 
and, even though the infiltration rate in this soil column 
is decreasing at a faster rate than in the drier one, the 
wetting front advances downward at a faster rate because 
there is less pore space to fill. As a result, the soil 
column which was wetter initially saturates first and, 
consequently, produces a smaller volume of runoff.
However, if the duration of the storm is insufficient to 
allow the pressure head to reach about -50 cm in the column 
which was wetter initially, then there is no apparent 
difference between the infiltration rates in the two 
columns and the volume of runoff generated from each column 
is essentially equal.
To evaluate effects of temporal distribution of 
rainfall on the relationship between runoff and antecedent 
moisture, Huff's quartile distributions for 6-, 1 2-, and 
24-hour PMP storms were simulated on the ANGERT #1 soil.
1 1 2
Results of the simulations showed that temporal 
distribution of a storm is a reflection of the rainfall 
intensities and as such has two effects. First, the 
earlier in time that the major portion of the rainfall (the 
larger intensities) occurs, the larger percent of the total 
storm becomes runoff. Because the first- and 
second-quartile storms have shorter duration, without an 
equivalent decrease in total rainfall, the average 
intensities per quarter of the storm time are generally 
greater than those for the third- and fourth- quartile 
storms. The higher initial intensities of the first- and 
second-quartile storms cause ponding (hence runoff) to 
occur more quickly than for the third- and fourth-quartile 
storms. Thus, runoff occurs for a longer percent of the 
total storm time for the first- and second-quartile 
storms. Also, the higher average intensities of the first- 
and second-quartile storms imply that the difference 
between the infiltration rate and the application rate 
(hence the runoff rate) will also be larger for the first- 
and second-quartile storms. As a result of longer periods 
of runoff and higher runoff rates, a larger percent of the 
total storm becomes runoff for the first- and second- 
quartile storms than for the third- and fourth-quartile 
storms .
The second effect of temporal distribution or rainfall 
is that the volume of runoff is dependent on initial soil 
moisture for a smaller range of values for first- and
second- quartile storms than for third- and fourth-quartile 
storms. When the larger or peak intensities occur earlier 
in the storm and, correspondingly, the storm durations are 
shorter, saturation does not always occur. Because the 
effects of soil moisture are most apparent when the storm 
causes saturation or near saturation of the soil column, 
the volume of runoff is dependent on initial soil moisture 
for a smaller range of values for first- and second- 
quartile storms.
Results of the simulations using HuffTs quartile 
distributions for ANGERT #2 soil are in accordance with 
conclusions derived from simulations involving ANGERT #1 
soil for conditions when the column remained unsaturated. 
However, there was a slight reduction in runoff (less than 
one percent of the total) associated with decreasing 
initial soil moisture. This difference between the 
behavior of the two soils can be explained in terms of the 
hydraulic conductivity versus pressure head function which 
is characteristic of the soil type.
For the ANGERT #1 soil, representative of a silty sand, 
the hydraulic conductivity remains essentially constant 
with large negative pressure head values. At about -50 cm, 
the hydraulic conductivity increases rapidly with 
increasing pressure head until it nears its saturated value 
at about -20 cm. For the ANGERT #2 soil, representative of 
a less permeable soil, the hydraulic conductivity starts to 
increase with pressure head at much larger negative
pressure head values (about -150 cm). The conductivity 
increases at a slower rate until it nears its saturated 
value at about -50 cm. Whereas for ANGERT #1 soil, volume 
of runoff was independent of soil moisture unless the soil 
reached saturation or near saturation during the 
simulation, for ANGERT #2 soil, volume of runoff was always 
dependent on soil mositure.
While this study deals with the examination of the 
theoretical case, evidence is presented to support the use 
of antecedent moisture as a useful tool in quantifying the 
extractions from rainfall. Hysteretic behavior of the 
soil-water characteristics has a pronounced effect on the 
prediction of infiltration losses. However, the soil 
moisture variability does not seem to adversely affect the 
correlation between rainfall and runoff so long as the soil 
moisture is monitored at a controlled depth.
For further study it is recommended that a prototype of 
a soil moisture probe(s) along with a rain gauge be 
installed and monitored so that a model such as WATFLW II 
could be tested with respect to actual field data. Based 
on the results of this study, the following two points 
should also be considered in more detail:
1.) Results of simulations for the two hypothetical 
soils used in this study indicate that the antecedent 
conditions affect the volume of runoff by one percent or 
more only when the initial moisture state is very near 
saturation, or is such that the storm causes the soil
column to become saturated. ANGERT #1 soil reached this 
state in 18 hours of simulated drying for the first- and 
second-quartile storms and in a considerably longer period 
of time for the third- and fourth-quartile storms. ANGERT 
#2 soil reached this state in less than six hours of 
simulated drying for four storm distributions. Because 
continued drying does not significantly affect the volume 
of direct runoff generated, the concept of a 5-day AMC 
should be reconsidered. For soils similar to the type 
considered in this study, perhaps only a two day (or less) 
index should be required.
2.) The influence of the temporal storm distribution 
is also interesting. Because there is a delay in time from 
the beginning of the storm to the time when the flooding is 
experienced in a stream, consideration should be given to 
classifying the distribution of the storm prior to 
selecting an antecedent moisture index adjustment. This 
could be implemented as a reduction factor in quantifying 
the effect that the initial soil moisture has on the volume 
of runoff. An alternative approach could be to base the 
reduction factor on the intensity of the rainfall that 
occurs in the beginning of the storm.
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APPENDIX A
DERIVATION OF FLOW EQUATIONS
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The flow of water through a porous medium occurs in 
response to a potential field that is present beneath the 
surface of the medium. This potential is called the 
hydraulic potential, $, such that:
$ = qz + (p-p0) / P ( 1 1 )
where: p = fluid pressure at the point where the 
potential is being measured (///T2)
Pq = atmospheric pressure (#/T2) 
g = acceleration due to gravity (L/T2) 
z = elevation of the point (L) 
p = density of the fluid (M/L.3)
Recall that p = Pgh, and let po = 0. Thus, the hydraulic 
head, H = <&/g, is equal to :
H = z + h  (12)
The equation of flow for one-dimensional vertical 
infiltration is developed on the basis of the continuity 
equation for transient flow through a saturated-unsaturated 
porous medium. The continuity equation is a statement of 
conservation of mass, the net rate of fluid mass flow into 
any elemental control volume within a porous media must 




d Z (pnvz) A  (0p i ) (13)
where: n = porosity of the soil (decimal fraction) 
p = density of water (M/L.3) 
vz = fluid flux in the vertical direction 
(velocity per unit area) (L/T)
0 = volumetric moisture content (decimal
(fraction)
For practical purposes, the compressibility of the fluid 
(water) and the media can be considered to be negligibe, 
thus the porosity is constant with time and space.




The velocity of flow in 




vz = -K(h,F) = -K(h,F) [h+z]
or
v = z -K(h,F) [ || + 1 ] (15)
where: K (h , F )
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Substituting Equation
= hydraulic conductivity as a
function of the pressure head and 
the soil





aha z + 1) ] ( 1 6 )
Defining specific moisture capacity (C) as:
C (h,F) = M  07)
Equation 16 becomes:
C <h »F) [-K(h,F) ( || + 1) ] (18)
Equation 18, commonly known as the pressure head form 
of the Richard equation, can be expressed as a system of 
two first order non-linear differential equations. The 
pressure head and the fluid flux, h(z,t) and v(z,t), 
functions of space and time, are the two unknowns.
v(z,t) = -K(h)(|~ +1) (19a)
_,, x ah av . .
c(h) at = “ li" d9b)
for -L < z <_ 0, where L is the depth of the profile.
Equations 19a and 19b can be solved by a finite 
difference technique. In order to do this, a grid is
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superimposed on the time and space (depth) region of the 
flow system under consideration. The independent variables 
t and z are subscripted j and i respectively. The t-z grid 
system can be represented graphically as shown in Figure 
22. NZ is the number of space steps used in the solution 
and M is the maximum number of time steps allowed for the 
solution. For -L <_ z <_ 0, and 0 £ t _< T , the gridpoints or 
nodes (z-[,tj) are defined for i=0,1,2,...,NZ and 
j=0,1,2,...,M. The space steps (Az^ = z± ~ zi-i^ are fixed 
while the time steps (At^ = t^ - tj_^) are allowed to 
chamge .
The time derivatives are approximated at time tj (the 
unknown time level) using backward differences. The space 
derivatives are approximated at the midpoint of z^ and 
using central defferences. Both C and K are 
evaluated at the average pressure heads for each pair of 
nodes (e.g. 0.5(hj_fj + hi_ifj) ).
Equations 19a and 19b can be rewritten to incorporate 
the nodal system described:
h . . - h . .-K A iJ --1 1'j + 1Az .1 2 (vi,j + V i-l,j> <20a>
2At.
3
hi,j +hi-lf j hi-l, j -1
v . . - V . -«
Az . (20b)
where : K = K hi/i + hi~l/j and
C C 2
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At any time, tj, Equations 20a and 20b can be written for 
each node where i=1,NZ with 2(NZ + 1) unknowns (e.g. vi,j 
and hj^j for i=0,NZ). This yields 2(NZ) equations and 
2(NZ + 1) unknowns. Therefore, two additional equations 
are needed as well as the h and v values time step t j _-j . 
The initial values of h^^o for i=0fNZ, must be known to 
start the solution. The values of v ^^q can be computed 
from Equation 19a, which can be rewritten as:
vi ,0 = -K «hif0)
h. n - h. -i n i,0 l - l , 0
Az .l
+ 1
Defining gQ(t) as the top boundary condition for t>0 
(equal to ho,j or v0,j) and gNZ^t) as bottom
boundary condition for t>0 (equal to h^j2,j or vNZ,j)> 
then the two other equations can be defined as:
“lh0,j + “2v0,j = g0 (tj) (213)
SlhNZ,j + e2VNZ,j = gl (tj) (21b)
where , c*2 , 3X » and 32 have the value of zero or one 
for the convenience of switching from a known pressure head 
to a known fluid flux for both boundaries.
Thus using Equations 20a, 20b, 21a, and 21b, the values 
for hi i and Vi i can be solved implicitly for i=0,NZ 
for any j=t. Because the equations are non-linear, an 
iterative technique is required for a correct solution.
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LIST OF VARIABLES USED IN WATFLW II
VARIABLE DEFINITION
A(1220,5) Coefficient matrix of Ax = B. Input matrix for 
solution of the linear system.
ALPH1 and Parameters in the equation which describes the 
ALPH2 top boundary condition:
ALPH1 = 0 and ALPH2 = 1 : constant flux
ALPH1 = 1 and ALPH2 = 0 : constant pressure head
BETH1 and 
BETH2
Parameters in the equation which describes the 
bottom boundary condition:
BETH1 = 0 and BETH2 = 1 : constant flux
BETH1 = 1 and BETH2 = 0 : constant pressure head
B0UND1 Subroutine which assigns a pressure head value 
to the top node.
B0UND2 Subroutine which assigns a flux value to the top 
node .
CTNEWS Increase in stored moisture in one time step 
(cm) .
DEN Substitute for U2 and V2, used in calculations to check if U2 and V2 meet the convergence 
criteria.
DT Time step (hr).
EPS Criterion for mass balance (cm).
EVAP Evaporation rate applied at the surface (cm/hr).
FC Fucnction which computes soil moisture capacity from pressure head value (cm/hr).
FK Function which computes hydraulic conductivity from pressure head value (cm/hr).
FLUX(9999) Infiltration rate at each time step (cm/hr).
FLUXTMC 9999) Simulation time corresponding to each time 
step (hr).
FTH Function which computes volumetric soil moisture content (theta) from pressure head value.














Pressure head at the top of the soil
Hysteresis index which tracks the history of 
each node, e.g. whether the node was wetting or 
drying:
HI = -1 : drying 
HI > 1 : wetting
Pressure head value corresponding to THMIN (cm) 
Pressure head at the bottom of the soil surface
Row dimension of coefficient matrix A.
Error message from LEQT1 B (IMSL subroutine).
Parameter defining the main direction of flow, 
e.g. infiltration or evaporation:
IFLOW = 0 : Evaporation is simulated 
IFLOW = 1 : Infiltation is simulated 
IFLOW = 2 : Both evaporation and infiltration
Optional parameter in argument list of LEQT1B.
Parameter which defines how initial values are 
read from the input data:
INIT = 0 : values of pressure head and depth 
are read for all nodes 
INIT = 1 : only top and bottom values of
pressure head and depth are read
Maximum number of iterations allowed for one 
time step.
Parameter which keeps track of the times when 
output has to be printed.
Parameter defining the type of top boundary 
condi tion:
ISTATE = 0 : steady-state boundary condition 
ISTATE = 1 : unsteady-state boundary condition
Number of iterations executed in current time 
step.
KOUNT Total number of iterations executed during the simulation.
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LEQT1 B IMSL subroutine.
M Number of columns in array RH.
NC Maximum number of space steps allowed.
NL Number of lower codiagonals in coefficient 
matrix A.
NT Total number of time steps allowed during the 
simulation.
NTOUT Number of times that output must be printed.
NN Number of time increments for the hyetograph.
NZ Number of space steps .
NZP1 Number of gridpoints, e.g. NZ + 1.
N2P4 Last row of coefficients matrix A, 
e.g. 2(NZ-1) + 4.
PIVOT(610) Parameter used in the equation for the wetting 
scanning curve, e.g. theta that the scanning 
curve approaches assymtotically.
POND Maximum pressure head allowed at the soil surface, e.g. depth of ponding (cm).
PROPTY Subroutine which lists the soil properties as a function of pressure head.
RH(1220) Input-output matrix of Ax = B, on input RH contains B, on output it contains x.
RRATE(48) Rainfall rate during each increment of the storm hyetograph.
RRTM(49) Simulation time at the beginning of each of the time increments of the storm hyetograph.
RUNOFF Subroutine which computes the runoff at each time step and the total volume of runoff for the 
simulation.
SAVDEN Summation of SAVE1 since start of simulation 
(cm) .
SAVE1 Increase in stored water over current time step 
as calculated from two consecutive water content 
profiles (cm) .
SAVE2 Intake of moisture by profile over current time 
step as calculated from fluxes at the boundaries 
(cm) .
SAVMAS Summation of SAVE2 since start of simulation 
(cm) .
START Simulation time at the beginning of the storm 
(hr ) .
STORML Storm length (hr).
SUCT Maximum negative pressure head allowed at the 
soil surface (cm).
TEND End of simulation (hr).
TH(610) Volumetric moisture content (theta).
THMIN(61 0) Minimum value of theta that has occurred at a 
node during simulation.
TIM Time since start of simulation (hr).
TM(20) Array containing the times that output is 
desired .
TMINC Length of the time increments of the hyetograph 
(hr) .
U0(610), 
U1 (61 0) , 
U2 (61 0)
Arrays containing previous, stored, and current 
values of pressure head for all gridpoints.
UBOT Magnitude of the pressure head or flux at the bottom of the soil profile.
UIN Function which computes the initial pressure head values as a function of depth.
UMAX Convergence criterion for iterative solution process.
UNSTE Subroutine which may account for transient top boundary conditions.
US(610) Array containing the pressure heads at the first iteration of the current time step.
TOP
V0( 61 0) ,





Magnitude of the pressure head or flux at the 
top of the soil profile.
Arrays containing previous, stored, and current 
flux values for all gridpoints.
Array containing the flux values at the first 
iteration of the current time step.
Absolute value of maximum difference between 
flux values of first and last iteration in 
current time step (cm).
Absolute value of maximum difference between 
pressure head values of first and last iteration 
in current time step (cm).
XL(10000) Work space for IMSL subroutine.
XMB Absolute mass balance at current time step (cm).
XMB1 Relative mass balance at current time step
(percent) .
Z(610) Array containing the depths of all gridpoints.
ZBOT Depth of profile (cm)
APPENDIX D
DATA INPUT DESCRIPTION AND FORMAT
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INPUT DATA FOR ONE-DIMENSIONAL SIMULATION MODEL
DATASET #1
CARD #1 ISTATE - 16
0 = steady-state boundary conditions
CARD #2
evaporation model only (ISTATE = 0) 
infiltration model with constant rainfall 
rate (ISTATE = 0)
1 = unsteady-state boundary conditions 
IFLOW - I6
0 = evaporation model (ISTATE = 0)
1 = infiltration model (ISTATE = 0, or
ISTATE = 1)
2 = evaporation and infiltration model
(ISTATE = 1)
CARD #3 ZBOT - F6.1
depth of soil profile in cm (positive)
CARD #4 NZ - 16
number of spacesteps (is equal to the number of 
nodes minus 1)
CARD #5 NT - 16maximum number of timesteps allowed
CARD #6 DT - F6.3
initial timestep in hrs to be used in 
computations (thereafter time-step will either 
be halved or doubled depending on mass balance 
criteria)
CARD #7 TEND - F6.2end of simulation time in hrs (model stops when 
simulation time exceeds TEND or the number of 
timesteps exceeds NZ)
CARD #8 NTOUT - 16number of times output is to be printed 
(this number excludes the output at time zero, 
(initial conditions))
CARD #9 TM(i ) - 10F6.2time in hrs at which output is to be printed 
i = NTOUT
CARD #10 BETH1,BETH2,UBOT- 2F6.1.F12.6
BETH1 = 1 and BETH2 = 0 -- > UBOT = constant
head in cm
BETH2 = 0 and BETH2 = 1 -- > UBOT = constant
flux in cm/hr
1 44
CARD #1 1 SUCT - F12.6
maximum negative pressure head allowed at 
profile surface in cm
CARD #12 POND - F12.6
maximum positive pressure head in cm allowed at 
profile surface (equal to the ponding depth)
CARD #1 3 EVAP - F12.6
evaporation rate applied at the surface in 
cm/hr (must be positive)
CARD #14 START - F12.6
simulation time in hrs at which the storm begins
CARD #15 STORML - F12.6
length of storm in hrs (if IFLOW is equal to 1 
or 2: START +STORM must be less than or equal 
to TEND)
CARD #16 TMINC - F12.6
time increment in hrs in which the storm 
hyetograph is input
CARD #17 RRATE(k) - 6F12.6rainfall rate during each time increment of the 
storm hyetograph in cm/hr; (must be negative); 
(k = STORML/TMINC); Use at least one CARD #17, 
but not more than eight (a total of 48 values).
DATASET #2
CARD #1 INIT,HTOP,HBOT - I6.2F12.6INIT = 0 -- > initial values for nodal positions
and pressure heads are read from 
next cards
INIT = 1 -- > compute initial values for nodal
positions and pressure head. The 
nodes are equally spaced from the 
top of the profile to the bottom 
and the pressure head at each node 
is computed by linear 
interpolation between the pressure 
head at the top node and the 
pressure head at the bottom node.
HTOP = the pressure head at the top node 
(no need to specify if INIT = 0)
HBOT = the pressure head at the bottom node 




#2 Z(J) - 6F12.6
depth of each node in cm (j = NZ + 1)
use only if INIT = 1; use as many CARD #12 as
necessary
#3 U0(j) - 6F12.6
pressure head at each node at time zero in cm/hr 
(j = NZ + 1); use only if INIT = 1; 
use as many CARD #13 as necsessary
All data cards are REQUIRED with the exception of 
CARDS #2 and #3 in data set 2. If data is not 
required for a particular model, insert blank cards 
or put zeros in the appropriate data fields.
EXAMPLE: If IFLOW = 0, then the model will simulate 
evaporation, and input for the storm hyetograph is 
not required. The following data cards will be 
blank or contain zeros : CARD #12 POND, CARD #14 
START, CARD #15 STORML, CARD #16 TMINC, and 
CARD #17 RRATE.
If the cards named above contain other than blanks 
or zeros, the data on the cards will be read and 
printed, but will not affect the computations.
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PROGRAM LISTING OF WATFLW II





C * WATFLW II FORTRAN 
C *











C # C O M M E N T S  # 
C # # 
C # ANGERT //I SOIL PROPERTIES # 
C # SATURATED HYDRAULIC CONDUCTIVITY =1.0 CM/HR # 
C # RESIDUAL MOISTURE CONTENT = 10% # 



























3' DEPTH OF PROFILE .......
4' NR. OF SPACESTEPS ......





6’ INITIAL TIMESTEP ....... .’,F6.3 , ’ HOURS’,/ ,




8' TIMES OUTPUT IS PRINTED ... ’,15,//,






C * ISTATE = 0  ........  STEADY-STATE BOUNDARY CONDITIONS
C * ISTATE = 1 ......... UNSTEADY-STATE BOUNDARY CONDITONS
C * I FLOW = 0 ........  EVAPORATION MODEL
C * I FLOW = 1 ........  INFILTRATION MODEL
C * IFLOW = 2 ........  EVAPORATION AND INFILTRATION MODEL
C *
C * TOP BOUNDARY CONDITION:
C * CONSTANT FLUX --- > ALPHA1=0 AND ALPHA2=1
C * CONSTANT PRESSURE HEAD --- > ALPHA1=1 AND ALPHA2=0
C * BOTTOM BOUNDARY CONDITION:
C * CONSTANT FLUX --- > BETA1 =0 AND BETA2 =1
C * CONSTANT PRESSURE HEAD --- > BETA1 =1 AND BETA2 =0
C *
C *











* POSITIVE FLUX ---> UPWARD FLOW
* NEGATIVE FLUX ---> DOWNWARD FLOW
^.^^^-V***************************************************************
SOME INITIALIZATIONS
SAVMAS = 0. 
SAVDEN = 0. 
ITIM = 1




NC = 610 
NZP1 = NZ+1 
KOUNT = 0
***** INITIAL AND BOUNDARY CONDITIONS ARE READ FROM DISK ************
READ(22,289) INIT,HTOP,HBOT
IF(INIT .EQ. 0) READ(22,290) (Z(I),1=1,NZP1) 
IF(INIT .EQ. 0) READ(22,290) (UO(I),1=1,NZP1) 
IF(INIT .EQ. 1) CALL UIN(Z,U0,HTOP,HBOT,ZB0T,NZP1) 
READ(21,288) BETA1,BETA2,UBOT 




NNP2 = NN + 2 
DO 46 J=1,NNP2




IF(BETA1 .EQ. 0.0) GL = ’FLUX'
WRITE(6,47) UBOT,GL,INIT,HTOP,HBOT,SUCT,POND,EVAP
47 FORMAT(' BOTTOM BOUNDARY CONDITION __ ’,F12.6,IX,A4,/,
1’ INIT ..................... ' ,6X,I6,/,
2' PRESSURE HEAD AT TOP .......’,F12.6,’ CM’,/,
3' PRESSURE HEAD AT BOTTOM ....’,F12.6,’ CM’,/,
4' MAXIMUM SUCTION ALLOWED ....’,F12.6,’ CM',/,
5' MAXIMUM DEPTH OF PONDING ...',F12.6,' CM',/,
6’ EVAPORATION RATE . ......... ’,F12.6,’ CM/HR',5(/))
WRITE(6,48) START,STORML,TMINC,(RRATE(I),1=1,NN)
48 FORMAT (’ STORM DATA',/, ' _________’,2(/),
1' STORM BEGINS AT ........... ’,F12.6,’ HOURS',/,
2’ LENGTH OF STORM IS ........ ’,F12.6,’ HOURS',/,
3’ LENGTH OF TIME INCREMENTS ... ’,F12.6,' HOURS',2(/),
4' RAINFALL RATES AT EACH INCREMENT (IN CM/HR):',9(/,6(2X,F8.2))) 
WRITE(6,49) (RRTM(II),II=1,NNP2)




CC COMPUTE INITIAL VALUES OF V, THETA, HI, AND PIVOT AT TIME ZERO
C
50 DO 60 1=1,NZP1
HI(I) = -1 PIVOT(I) = .100 
60 CONTINUETH(1) = FTH(U0(1),HI(1),PIVOT(l))
CC COMPUTE BOUNDARY CONDITIONS
C IF(IFLOW .EQ. 1) CALL BOUND2(UTOP,ALPH1,ALPH2,RRATE(1))
IF(IFLOW .EQ. 0 .OR. IFLOW .EQ. 2) CALL BOUND2(UTOP,ALPH1,ALPH2, 
1EVAP)
FL = 'HEAD'
IF(ALPH1 .EQ. 0.0) FL = 'FLUX'
C DO 65 1=2,NZP1TH(I) = FTH(UO(I),HI(I),PIVOT(I))
CON = -FK(.5*(U0(I)+U0(I-1)),HI(I),PIVOT(I))
V0(I) = CON*((UO(I)-UO(I-1))/(Z(I)-Z(I-l))) + CON 
65 CONTINUE
V0(1) = VO(2)




















C STORE VALUES FOR MATRIX SETUP
N2P4 = 2*(NZ)+2 









THMIN(I) = FTH(U1 (I),HI(I),PIVOT(I)) 
HMIN(I) = U1(I)
CONTINUE
MAIN LOOP: NT IS AMOUNT OF TIME STEPS ALLOWED TO REACH 'TEND'*********************************************************************
DO 800 K0UNT=1,NT 
C
FLUX(KOUNT) = VI(1) 

























C THE INPUT MATRIX ’A' IS COMPRESSED IN BAND STORAGE MODE. IT HAS 5 
C COLUMNS AND 2*(NZ)+2 ROWS.
C
DO 700 KK=1,IT 
A(1,1) = 0.D+00 
A(1,2) = 0.D+00 
A( 1,3) = ALPH1 
A(l,4) = ALPH2 








A(J,3) = +.5*DZ 
A(J,4) = -A(J,2)
A(J,5) = +.5*DZ 
RH(J) = A(J,2)*DZ 
J = J+l







A(N2P4,1) = 0.D+00 
A(N2P4,2) = BETA1 
A(N2P4,3) = BETA2 
A(N2P4,4) = 0.D+00 
A(N2P4,5) = 0.D+00 
RH(N2P4) = UBOT
NL = 2 
IA = 1220 
M = 1 
IJOB = 0
,̂u*,u,u.<r*^,y*,v**'V***************V***********************-V**-;V*****-:V**-:V****





IF(IER.EQ.129) WRITE(6,*) TIM 
IF(IER.EQ.130) WRITE(6,*) 'IER = 130'
* * * * - > t * ' V - V * * * * * * * - 5 w V
* ERROR MESSAGE: IER=129 - MATRIX IS SINGULAR
C ** IER=130 - MATRIX ’A’ IS TOO ILL CONDITIONED, DOES
C *** NOT CONVERGE.
Q * * * * * * ? V * * V r * * * * V r * V r * V f V f y c y r * > V ? W c ^ * * * * * y r * * y r * * * * * * * V r * * : f r * * : k * * : f r * * * * ^ * : k * * 't f r V r * '3 V ,*'Tfif’
c
IF(IER .EQ. 129 .OR. IER .EQ. 130) GO TO 830 
U2(1) = RH(1)
DO 140 1=1,NZ 






C THE FIRST COMPUTATION FOR EACH TIME STEP IS MEMORIZED: US AND VS 
C
IF(KK.GT.l) GO TO 160 
C






CC CHECK FOR CONVERGENCE. IF THE NEWLY COMPUTED AND THE PREVIOUS 
C VALUES DIFFER TOO MUCH, TRY AGAIN WITH THE NEW VALUES AS INPUT.
C THE CRITERION: UMAX MUST BE SMALLER THAN 0.0005 
C
UMAX = 0.
DO 170 1=1,NZP1 
DEN = V2(I)
IF(DEN.EQ.O) DEN = 1.
UMAX = DMAX1(UMAX,DABS((V2(I)-VI(I))/DEN))
DEN = U2(I)
IF(DEN.EQ.O) DEN = 1.
UMAX = DMAX1(UMAX,DABS((U2(I)-U1(I))/DEN))
170 CONTINUE 
C IF (UMAX .LT. 0.0005) GO TO 180 
C





C KKEXIT = KKEXIT + 1 
WRITE(6,229) TIM,DT,KK 
IF(KKEXIT .EQ. 10) GO TO 830 
IF(DT .LE. 1.0D-12) GO TO 830
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C *************** CONVERGENCE CRITERION IS MET************************* 
C THE FOLLOWING STATEMENTS CHECK THE MASS BALANCE EQUATION.
'XMBL' IS RELATIVE MASS BALANCE : RELATIVE TO THE DIFFERENCE 



















XMB1 = (XMB/DABS(WIN))*100.0 
C 
C
C THE MAXIMUM PRESSURE HEAD OF FLUX DIFFERENCE OCCURING OVER THE
C WHOLE PROFILE BETWEEN THE FIRST AND THE LAST ITERATION IN THE










CC ’XMB’ REFLECTS THE ABSOLUTE MASS BALANCE IN THE CURRENT TIME STEP
C IF ’XMB’ IS LESS THAN A PREDEFINED VALUE 'EPS* THE TIMESTEP IS
C COMPLETED.
C THE TIME STEP WILL THEN BE HALVED.
C WRITE(6,230) TIM,DT,XMB,XMB1,RMAXK,KK 
C
C # #C # TRANSIENT BOUNDARY CONDITIONS #
C # #
C IF(ISTATE .EQ. 0) GO TO 115 
C
IFCXMB.GT.EPS .OR. (TIM+DT) .LT. RRTM(JTIM)) GO TO 115 
CALL BOUND2(UTOP,ALPH1,ALPH2,RRATE(JTIM))
JTIM = JTIM + 1 
GO TO 116 
C
115 CONTINUE
IF(XMB.LE.EPS .AND. U2(1).GE.SUCT .AND. U2(1).LE.POND) GO TO 250 
C
116 IFCUl(l) .LE. SUCT) CALL B0UND1(UTOP,ALPH1,ALPH2,SUCT)
IF(U1(1) .GE. POND) CALL BOUND1(UTOP,ALPH1,ALPH2,POND)
FL = ’HEAD’
IF(ALPH1 .EQ. 0.0) FL = 'FLUX’




IF(DT .LE. 1.OD-12) GO TO 830 
IFCXMB.GT.EPS) DT = DT/2.
GO TO 100 
C 
CC *************** READY FOR THE NEXT TIMESTEP *************************
C
C
250 TIM = TIM + DT 
CC SAVMAS AND SAVDEN ARE THE TWO CUMULATIVE COMPONENTS OF THE MASS 
C BALANCE EQUATION DURING THE COMPUTATIONS.
C SAVMAS = SAVMAS+SAVE1 
SAVDEN = SAVDEN+SAVE2 
CC ************* DETERMINE IF PROFILE IS STARTING TO WET *************** 
C COMPUTE THE CHANGE IN THETA FROM PREVIOUS TIME STEP TO
C CURRENT ONE. IF THE CHANGE IS POSITIVE THEN THE PROFILE IS
C BEGINNING TO WET SO RESET HYSTERESIS INDEX AND REASSIGN PIVOT(I). 
C DO 1300 1=1,NZP1
TH(I) = FTH(U2(I),HI(I),PIVOT(I))
IF(TH(I) .GT. THMIN(I)) GO TO 1299 
THMIN(I) = TH(I)
HMIN(I) = U2(I)
1299 DTH = TH(I)-THMIN(I)IF(DTH .LE. 0.005) GO TO 1300
IF(I .GT. 1 .AND. HI(I-l) .LT. 0) GO TO 1300
HI(I) = HI(I) + 2IF(HI(I) .EQ. 1) PIVOT(I) = FTHR(I,THMIN(I),HMIN(I))




C ************ PRINT VALUES IF ’TIM' EQUALS ANY *TM(ITIM)************** 
C
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IF(TIM.LT.TM(ITIM).OR.ITIM.EQ.(NTOUT+1)) GO TO 500 
ITIM = ITIM+1 
C 
C











IF(TIM.GT.TEND.OR.ITIM.EQ.(NTOUT+1)) TM(ITIM) = TEND 
WRITE(6,850) SAVMAS,SAVDEN,TM(ITIM)






C IF TIM EQUALS TEND THE DESIRED COMPUTATIONS ARE FINISHED
C IF THE MASS BALANCE IS MUCH SMALLER THAN THE PREDEFINED 'EPS1
C VALUE, TIME STEP MAY BE LARGER FOR SUBSEQUENT TIME STEPS.
C
500 IF(TIM.GT.TEND) GO TO 820
IF(XMB .GT. 0.01*EPS) GO TO 600
DT = 2.*DT
IF(DT .GT. 0.5) DT = 0.50
CONTINUE
THE COMPUTED VALUES FOR FLUX AND PRESSURE HEAD ARE NOW RESTORED.








C830 WRITE(6,860) TIM,IER,KKEXIT,DT,KK 
GO TO 1000
820 WRITE(6,840) TEND 
KOUNT = KOUNT + 1
FLUX(KOUNT) = V2(l)
FLUXTM(KOUNT) = TIM
IF(IFLOW .NE. 0) CALL RUNOFF(RRATE,RRTM,FLUX,FLUXTM,NN,KOUNT)C
C
72 FORMAT(1H1,'VALUES FOR THETA, PRESSURE HEAD AND FLUX FOR THE1,
1' SUCCESSIVE GRIDPOINTS',2(/),* AT TIME: ',F10.5,20X,1 TIMESTEP' 
2'NR. ' , 15,2 (/) , 1 TOPBOUND.CONDITION ',F11.5,2X,A4,
















840 F0RMAT(3(/),' COMPUTATIONS ARE ENDED, TIME IS ',F8.4,' HRS')
850 F0RMAT(3(/),' CHANGE IN STORAGE IN THE WHOLE PROFILE',15X,E15.6, 
1' CM',/,IX,'TOTAL FLUX DIFFERENCE BETWEEN TOP AND BOTTOM TILL', 
2' NOW',E15.6,' CM',3(/),' COMPUTATIONS WILL PROCEED TILL ',
3F8.4,' HOURS')
860 FORMAT(3(/),' PROGRAM IS ABNORMALLY ENDED AT ',F8.4,f HOURS',/, 
1' CHECK FOR A SINGULAR OR ILL-CONDITIONED MATRIX, IER = ',16,/, 
2' 10 TIMES THE MAXIMUM NUMBER OF ITERATIONS, KKEXIT = ',16,/,
3' A SMALL TIME-STEP, DT = ',E12.5,/,









IMPLICIT DOUBLE PRECISION (A-H,0-Z)
INTEGER HI
COMPUTES WATER CONTENT FROM WATER RETENTION CURVES
IF(H .GT. -10.0) GO TO 4 
IF(HI .GT. 0) GO TO 2 
THR =0.10 
HO = 50.0 
BETA =2.60
1 BE = (HO/DABS(H))**BETA 




2 THR = PIVOT




4 FTH = .400











IMPLICIT DOUBLE PRECISION (A-H,0-Z)
INTEGER HI
HYDRAULIC CONDUCTIVITY VALUES FROM PRESSURE HEAD DATA.
IF(H .GT. -10.0) GO TO 4 
IF(HI .GT. 0) GO TO 2 
THR =0.10 
HO = 50.0 
BETA =2.60
1 BE = (HO/DABS(H))**BETA 




2 THR = PIVOT
C HO = DABS (54.133,VTHR-31.143)
HO = DABS(54.133*THR-42.816)
BETA = DABS(-5.748*THR-1.221)
GO TO 1 
4 T = .400
10 FK = 9.48*T**2.45












IMPLICIT DOUBLE PRECISION (A-H,0-Z)
INTEGER HI
WATER CAPACITY VALUES FROM PRESSURE HEAD DATA.
IF(HI .GT. 0) GO TO 2 
IF(H .GT. -10.0) GO TO 4 
THR =0.10 
HO = 50.0 
BETA =2.60
IF(H .GT. -6.0) GO TO 4 
BE = (HO/DABS(H))**BETA 
IF (BE .GE. 170.) BE = 170.
GAM = (.400-THR)/(.400+THR)
DBE = BETA/HO*(HO/DABS(H))**(i+BETA)
FC = .400*DSINH(BE)*2.*GAM*DBE/(DCOSH(BE)+GAM)**2GO TO 99 
THR = PIVOT
HO = DABS(54.133*THR-31.143)
HO = DABS (54.133,vTHR-42.816)
BETA = DABS(-5.748*THR-1.221)
GO TO 1 
4 FC = 0.













IMPLICIT DOUBLE PRECISION (A-H,0-Z)
THIS FUNCTION COMPUTES THE PIVOT POINTS FOR THE PRIMARY WETTING 
SCANNING CURVES.
IF(HMIN .GT. -90.) GO TO 1 
FTHR = THMIN 
GO TO 99 
1 A = .100 
C
B = THMIN 
C
DO 50 J=1,20 
P = A+(B-A)/2.BE = (DABS(54.133*P-42.816)/DABS(HMIN))**(DABS(-5.748*P-1.221)) 
IF(BE .GT. 100.) BE = 100.
GAM = (.400-P)/(.400+P)
FP = .400*(DCOSH(BE)-GAM)/(DCOSH(BE)+GAM)
C IF(DABS(FP-THMIN) .LE. 0.00005) GO TO 75 
IF(FP .GT. THMIN) GO TO 40 
A = P 
GO TO 50 
40 B = P
50 CONTINUE
C










IMPLICIT DOUBLE PRECISION (A-H,0-Z)
LISTING OF THE SOIL'S PHYSICAL PROPERTIES ...
IHI = -1
PIVOTO = .100 
C
WRITE(6,55)













47 CONTINUE55 FORMAT(1H1,' THE PHYSICAL PROPERTIES AS A FUNCTION OF PRESSURE ', 
1'HEAD’ , / , ’ THETA IS MAIN DRYING CURVE',3(/),' PRESSURE HEAD',3X, 
2’THETA’,3X,’HYDRAULIC CONDUCTIVITY’,3X,’WATER CAPACITY’,







IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION Z(610),H(610)
C
C THE INITIAL CONDITIONS, EXPRESSED IN PRESSURE HEAD VALUES AS 
C A FUNCTION OF DEPTH : THE VALUES ARE COMPUTED USING LINEAR
C INTERPOLATION BETWEEN THE KNOWN PRESSURE HEAD AT THE SOIL SURFACE
C AND THE KNOWN PRESSURE HEAD AT THE PROFILE BOTTOM.
C
DZ = -ZBOT/(NZP1-1)
SLOP = (HBOT-HTOP)/ZBOT 
INTERC = HTOP 
DO 10 1=1,NZP1
Z(I) = DFLOAT(I-1)*DZ 








IMPLICIT DOUBLE PRECISION (A-H,0-Z)
C








IMPLICIT DOUBLE PRECISION (A-H,0-Z)
C













THIS SUBROUTINE COMPUTES RUNOFF AT EACH TIMESTEP AND COMPUTES 
THE TOTAL VOLUME OF RUNOFF FOR THE SIMULATION, 
c
DO 20 1=1,KK
IF(FLTM(I) .GE. RRTM(1)) GO TO 30 
20 CONTINUE
I = 1-1 
30 J = 1
C
NNP1 = NN + 1 
DO 100 JTIM=1,NNP1
50 IF(FLTM(I) .GE. RRTM(JTIM)) GO TO 90
ROFF(J) = -RRATE(JTIM-1) + FLUX(I)
TIM(J) = FLTM(I) - RRTM(1)
RAIN(J) = -RRATE(JTIM-1)
FLTR(J) = FLUX(I)
I = 1+1 
J = J+l 
GO TO 50 
C
90 CONTINUE
IF(JTIM .EQ. 1) I = 1+1 
IF(JTIM .EQ. 1) GO TO 100 
FLTR(J) = FLUX(I)
C
ROFF(J) = -RRATE(JTIM) + FLTR(J)
TIM(J) = RRTM(JTIM)
RAIN(J) = -RRATE(JTIM)




JJ = J-l 
DO 120 1=1,JJIF(ROFF(I) .LT. 0.0) ROFF(I) = 0.0
WRITE(6,160) TIM(I),RAIN(I),FLTR(I),ROFF(I)




C140 FORMAT(’l','TABLE OF RAINFALL RATE, INFILTRATION RATE, AND RUN1, 










EXAMPLE INPUT AND OUTPUT
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DATASET #1 
.  .  .  .  + ________ 1 .  .
1
1






2 . 0 0  3 . 0 01.0 0.0 -1000.0 
0 . 6 0 0 0 0 0  
0 . 0 2 0 8 0 0  0.0 
6.0 1.0
- 5 . 7 5 0 0 0 0
+__2
6 .00  0 .00  0.000000
- 20 . 8 5 0 0 0 0
+ ________3 _________ +
00.0 00.0
- 2 5 . 1 6 0 0 0 0
4 .  . . . + . . . . 5 . . . .  +  . . .  . 6
00.0 00.0 00.0 00.0
- 13 . 660000  - 4 . 3 1 0 0 0 0
+ ________7
- 2 . 1 6 0 0 0 0
+  . . . . 2 . . . . + . . . . 3 ________+ _________ 4 . . . .  + _________ 5 .  6 .  . . .  +  . . . .  7
DATASET #2 __+ . . . . 1 . . .00.000000 
- 3 . 0 0 0 00 0  
- 6 . 0 0 0 0 0 0  
- 9 . 0 0 0 0 0 0  
- 12 . 00 0000  
- 15 . 000000  
- 18 . 000000  -21.000000 
- 2 4 . 0 0 00 00  
- 27 . 0 0 0 0 0 0  
- 30 . 00 0000  
- 33 . 0 0 00 00  
- 36 . 00 0000  
- 39 . 00 0000  
- 4 2 . 0 0 00 00  
- 4 5 . 0 0 00 00  
- 4 8 . 0 0 00 00  
- 51 . 0 0 00 00  
- 5 4 . 0 0 00 00  
- 5 7 . 0 0 00 00  
- 6 0 . 0 0 0 0 0 0  
- 6 3 . 0 0 00 00  
- 6 6 . 0 0 00 00  
- 6 9 . 0 0 00 00  
- 7 2 . 0 0 00 00  
- 7 5 . 0 0 00 00  
- 78 . 0 0 0 0 0 0  
- 81 . 0 0 0 0 0 0  
- 84 . 0 0 0 0 0 0  
- 87 . 0 0 0 0 0 0  
- 90 . 0 0 0 0 0 0  
- 9 3 . 0 0 00 00  
- 96 . 0 0 0 0 0 0  
- 99 . 0 0 0 0 0 0  
- 102 . 000000  
- 105 . 0 00000  
- 108 . 000000  -111.000000 
- 114 .000000  
- 117 . 000000  
- 120 . 000000  
- 5 9 . 5 6 35 88  
- 56 . 0 0 20 75  
- 5 3 . 0 4 24 15  
- 5 0 . 5 6 92 59  
- 4 8 . 4 7 2 7 5 7  
- 46 . 6 6 17 47  
- 4 5 . 0 6 5 0 2 4
0.000000 
- 0 . 5 0 0 0 0 0  
- 3 . 5 0 0 0 0 0  
- 6 . 5 0 0 0 0 0  
- 9 . 5 0 0 0 0 0  
- 12 . 5 0 00 00  
- 15 . 500000  
- 18 . 5 0 00 00  
- 2 1 . 5 0 0 0 0 0  
- 2 4 . 5 0 0 0 0 0  
- 2 7 . 5 0 0 0 0 0  
- 3 0 . 5 0 00 00  
- 3 3 . 5 0 0 0 0 0  
- 3 6 . 5 0 0 0 0 0  
- 39 . 5 0 0 0 0 0  
- 4 2 . 5 0 0 0 0 0  
- 4 5 . 5 0 0 0 0 0  
- 4 8 . 5 0 0 0 0 0  
- 5 1 . 5 0 0 0 0 0  
- 5 4 . 5 0 0 0 0 0  
- 5 7 . 5 0 0 0 0 0  
- 6 0 . 5 0 0 0 0 0  
- 6 3 . 5 0 0 0 0 0  
- 6 6 . 5 0 0 0 0 0  
- 6 9 . 5 0 0 0 0 0  
- 7 2 . 5 0 0 0 0 0  
- 7 5 . 5 0 0 0 0 0  
- 7 8 . 5 0 0 0 0 0  
- 8 1 . 5 0 0 0 0 0  
- 8 4 . 5 0 0 0 0 0  
- 8 7 . 5 0 0 0 0 0  
- 9 0 . 5 0 0 0 0 0  
- 9 3 . 5 0 0 0 0 0  
- 9 6 . 5 0 0 0 0 0  
- 9 9 . 5 0 0 0 0 0  
- 102 .5 00 00 0  
- 10 5 . 5 00 00 0  
- 108 .5 00 00 0  
- 111 .5 00 00 0  
- 114 .5 00 00 0  
- 117 .5 00 00 0
- 5 8 . 9 2 3 7 9 6  
- 55 . 4 7 0 0 1 3  
- 5 2 . 5 9 9 5 8 5  
- 5 0 . 1 9 6 4 0 6  
- 4 8 . 1 5 3 2 5 4  
- 46 . 3 8 2 4 0 3  
- 4 4 . 8 1 5 6 9 9
0.000000 -1.000000 
- 4 . 0 0 0 0 0 0  
- 7 . 0 0 0 0 0 0  
- 10 . 0 0 00 00  
- 13 . 0 0 00 00  
- 16 . 00 0000  
- 19 . 000000  
- 2 2 . 0 0 0 0 0 0  
- 2 5 . 0 0 0 0 0 0  
- 28 . 0 0 0 0 0 0  
- 31 . 0 0 00 00  
- 34 . 0 0 00 00  
- 3 7 . 0 0 00 00  
- 4 0 . 0 0 0 0 0 0  
- 43 . 0 0 0 0 0 0  
- 46 . 0 0 0 0 0 0  
- 49 . 0 0 0 0 0 0  
- 5 2 . 0 0 00 00  
- 5 5 . 0 0 00 00  
- 5 8 . 0 0 00 00  
- 6 1 . 0 0 0 0 0 0  
- 6 4 . 0 0 0 0 0 0  
- 6 7 . 0 0 0 0 0 0  
- 7 0 . 0 0 0 0 0 0  
- 7 3 . 0 0 00 00  
- 7 6 . 0 0 0 0 0 0  
- 79 . 0 0 0 0 0 0  
- 8 2 . 0 0 0 0 0 0  
- 8 5 . 0 0 00 00  
- 88.000000 
- 91.000000  
- 9 4 . 0 0 0 0 0 0  
- 97 . 0 0 0 0 0 0  
- 100 . 0 00000  
- 103 . 0 00000  
- 106 . 0 00000  
- 109 . 000000  
- 112 . 0 00000  
- 115 . 000000  
- 118 . 000000
- 58 .303031  
- 5 4 . 9 5 41 94  
- 52 . 1 6 97 09  
- 49 . 8 3 35 06  
- 4 7 . 8 4 12 69  
- 4 6 . 1 0 86 94  
- 44 . 5 7 05 67
-1.500000 
- 4 . 5 00 00 0  
- 7 . 5 00000  
- 10 .5 00000  
- 13 .5 00000  
- 16 .5 00000  
- 19 .5 00000  
- 22 . 50 0000  
- 25 . 50 0000  
- 28 . 5 0 00 00  
- 31 . 500000  
- 34 . 500000  
- 37 .500000  
- 40 . 500000  
- 43 . 50 0000  
- 46 . 5 0 00 00  
- 49 . 5 0 00 00  
- 52.500000 
- 55 . 50 0000  
- 58 . 500000  
- 61 . 50 0000  
- 64 . 5 0 00 00  
- 67 . 500000  
- 70 . 500000  
- 73 . 50 0000  
- 76 . 5 0 00 00  
- 79 . 50 0000  
- 82 . 5 0 00 00  
- 85 . 50 0000  
- 88 . 5 0 00 00  
- 91 . 5 0 00 00  
- 94 . 500000  
- 97 . 500000  
- 100 .500000  
- 103 .500000  
- 106 .500000  
- 109 .500000  
- 112 .500000  
- 115 .500000  
- 118 .500000
- 57 . 700915
- 54 . 454076
- 51 .752253
- 49 . 480114
- 47 . 5 3 64 54
- 45 . 840352
- 44 . 3 2 94 22
-2.000000 
- 5 . 0 00 00 0  
- 8 . 0 00 00 0  -11.000000 
- 14 .000000  
- 17 . 000000  
- 20.000000 
- 2 3 . 0 0 00 00  
- 26 . 00 0000  
- 29 . 0 0 00 00  
- 32 . 000000  
- 35 . 0 0 00 00  
- 38 . 00 0000  
- 4 1 . 0 0 00 00  
- 44 . 0 0 00 00  
- 47 . 0 0 00 00  
- 50 . 0 0 00 00  
- 53 . 0 0 00 00  
- 56 . 0 0 00 00  
- 59 . 000000  
- 62 . 0 0 00 00  
- 6 5 . 0 0 00 00  
- 6 8 . 0 0 00 00  
- 71 . 0 0 00 00  
- 74 . 00 0000  
- 7 7 . 0 0 00 00  
- 80 . 0 0 00 00  
- 83 . 0 0 00 00  
- 86 . 0 0 00 00  
- 89 . 0 0 00 00  
- 92 . 0 0 00 00  
- 95 . 0 0 00 00  
- 98 . 0 0 00 00  
- 101 .000000  
- 104 .000000  
- 107 . 000000  
- 110 .000000  
- 113 .000000  
- 116 .0 00000  
- 119 .000000
- 5 7 . 1 17027 
- 53 . 9 6 91 09  
- 51 . 34 6696  
- 49 . 1 3 57 98  
- 47 . 238473  
- 45 .5 77121  
- 44 . 0 9 2 0 6 7
- 2 . 5 0 0 0 0 0  
- 5 . 5 00 00 0  
- 8 . 5 0 0 0 0 0  
- 11 . 500000  
- 14 . 500000  
- 17 . 500000  
- 2 0 . 5 0 0 0 0 0  
- 2 3 . 5 0 0 0 0 0  
- 2 6 . 5 0 0 0 0 0  
- 2 9 . 5 0 0 0 0 0  
- 32 . 5 0 00 00  
- 35 . 5 0 00 00  
- 38 . 5 0 00 00  
- 4 1 . 5 0 0 0 0 0  
- 4 4 . 5 0 00 00  
- 4 7 . 5 0 00 00  
- 5 0 . 5 0 00 00  
- 53 . 5 0 0 0 0 0  
- 56 . 5 0 0 0 0 0  
- 5 9 . 5 0 00 00  
- 6 2 . 5 0 00 00  
- 65 . 5 0 0 0 0 0  
- 68 . 5 0 0 0 0 0  
- 7 1 . 5 0 00 00  
- 7 4 . 5 0 00 00  
- 7 7 . 5 0 0 0 0 0  
- 8 0 . 5 0 00 00  
- 8 3 . 5 0 00 00  
- 8 6 . 5 0 00 00  
- 8 9 . 5 0 00 00  
- 9 2 . 5 0 00 00  
- 95 . 5 0 0 0 0 0  
- 9 8 . 5 0 00 00  
- 101 . 5 00000  
- 104 . 5 00000  
- 107 . 5 00000  
- 110 . 5 00000  
- 113 . 500000  
- 116 . 5 00000  
- 119 . 5 00000
- 56 . 5 5 09 09
- 53 . 4 9 87 40
- 50 . 9 5 25 30
- 4 8 . 8 0 01 45
- 4 6 . 9 4 70 06
- 45 . 3 1 87 57
- 43 . 8 5 83 12
167
.. +__i..
-43.627976 -1+2.308U1+1 -1+1.073192 -39.895316 -38.752409 -37.6251+1+1+ -36.1+98175 -35.356965 -34.190939 -32.992314 -31.756728 -30.483386 -29.174841 -27.836330 -26.474700 -25.097133 -23.709962 -22.317882 
-20.923765 -19.529002 
-18..134093 -16.739164 -15.344234 -13.949304 -12.554373 -11.159443 -9.764513 -8.369582 -6.974652 -5.579721 






. . .3___+. ,-43.176869 -41.888764 -40.675377 -39.511463 -38.375839 -37.250449 -36.119917 -34.971498 -33.795308 -32.584671 -31.336414 -30.050903 -28.731684 -27.384662 -26.016942 -24.635540 -23.246303 -21.853309 -20.458879 -19.064038 -17.669117 -16.274188 -14.879257 -13.484327 -12.089397 -10.694466 -9.299536 
-7.904605 -6.509675 -5.114745 -3.719814 -2.324884 -0.929954
.4___+ . . .-42.955770 -41.682086 -40.478572 -39.320750 -38.188011 -37.062762 
-35.930060 -34.777617 -33.596058 -32.379274 -31.124689 -29.833238 -28.508927 -27.157949 -25.787481 -24.404411 
-23.014315 -21.620963 
-20.226419 -18.831553 -17.436629 -16.041699 -14.646769 -13.251838 -11.856908 -10.461978 -9.067047 -7.672117 -6.277187 -4.882256 -3.487326 -2.092396 -0.697465
5....+ .... 6 -42.737431 -41.477345 -40.283027 -39.130728 -38.000384 -36.874861 -35.739648 -34.582920 -33.395821 -32.172819 -30.911934 -29.614656 -28.285427 -26.930695 -25.557674 -24.173091 -22.782241 -21.388587 -19.993952 -18.599067 -17.204141 -15.809211 -14.414280 -13.019350 -11.624420 -10.229489 -8.834559 -7.439629 -6.044698 -4.649768 -3.254838 -1.859907 -0.464977
. .+___7. .-42.521703 
-41.274419 -40.088641 -38.941309 -37.812886 -36.686686 -35.548632 -34.387372 -33.194578 -31.965303 -30.698161 -29.395181 -28.061217 -26.702934 -25.327548 -23.941602 -22.550093 -21.156186 -19.761479 -18.366580 -16.971653 -15.576722 -14.181792 -12.786862 -11.391931 -9.997001 -8.602071 -7.207140 -5.812210 -4.417279 -3.022349 -1.627419 -0.232488
168
INITIALIZATIONS
I STATE ...................  1I FLOW....................  1DEPTH OF PROFILE .........  120.0 CMNR. OF SPACESTEPS ........  240NR. OF TIMESTEPS.........  9999INITIAL TIMESTEP .........  0.001 HOURSMODEL STOPS AT ...........  6.00 HOURS
TIMES OUTPUT IS PRINTED ... 3
OUTPUT IS PRINTED AT (HOURS):
2.00 3.00 6.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
BOTTOM BOUNDARY CONDITION .... 0.000000 HEADINIT ........................  0PRESSURE HEAD AT T O P ........  0.000000 CMPRESSURE HEAD AT BOTTOM .....  0.000000 CMMAXIMUM SUCTION ALLOWED ..... -1000.000000 CMMAXIMUM DEPTH OF PONDING .... 0.600000 CMEVAPORATION RATE ............  0.020800 CM/HR
STORM DATA
STORM BEGINS AT .............  0.000000 HOURSLENGTH OF STORM IS ..........  6.000000 HOURSLENGTH OF TIME INCREMENTS ... 1.000000 HOURS
RAINFALL RATES AT EACH INCREMENT ( IN CM/HR):
-5.75 -20.85 -25.16 -13.66 -4.31 -2.16
TIME INCREMENTS (IN HOURS):
0 . 0 0  1 .00  2 .0 06.00 7.00
3.00 4.00 5.00
169
VALUES FOR THETA, PRESSURE HEAD AND FLUX FOR THE SUCCESSIVE GRIDPOINTS
AT TIME: 0.00000 TIMESTEPNR. 0
TOPBOUND.CONDITION 5.75000 FLUXBOTTOMBOUND .CONDITION 0.00000 HEAD
GRIDPOINT DEPTH(CM) HI THETA H( CM) FLUX(CM/HR) PIVOT1 0.00000 -1 0.13453 -59.56359 0.01977 0.100005 -2.00000 -1 0.14206 -57.11703 0.01311 0.100009 -4.00000 -1 0.15024 -54.95419 0.00284 0.1000013 -6.00000 -1 0.15890 -53.04241 -0.00898 0.1000017 -8.00000 -1 0.16789 -51.34670 -0.02224 0.1000021 -10.00000 -1 0.17709 -49.83351 -0.03681 0.1000025 -12.00000 -1 0.18642 -48.47276 -0.05258 0.1000029 -14.00000 -1 0.19579 -47.23847 -0.06945 0.1000033 -16.00000 -1 0.20518 -46.10869 -0.08732 0.1000037 -18.00000 -1 0.21455 -45.06502 -0.10609 0.1000041 -20.00000 -1 0.22390 -44.09207 -0.12568 0.10000
45 -22.00000 -1 0.23323 -43.17687 -0.14603 0.1000049 -24.00000 -1 0.24253 -42.30844 -0.16705 0.1000053 -26.00000 -1 0.25181 -41.47734 -0.18869 0.1000057 -28.00000 -1 0.26109 -40.67538 -0.21087 0.1000061 -30.00000 -1 0.27038 -39.89532 -0.23350 0.10000
65 -32.00000 -1 0.27969 -39.13073 -0.25650 0.1000069 -34.00000 -1 0.28901 -38.37584 -0.27976 0.1000073 -36.00000 -1 0.29835 -37.62544 -0.30316 0.1000077 -38.00000 -1 0.30769 -36.87486 -0.32656 0.10000
81 -40.00000 -1 0.31700 -36.11992 -0.34977 0.1000085 -42.00000 -1 0.32623 -35.35696 -0.37260 0.1000089 -44.00000 -1 0.33533 -34.58292 -0.39481 0.1000093 -46.00000 -1 0.34419 -33.79531 -0.41612 0.1000097 -48.00000 -1 0.35273 -32.99231 -0.43627 0.10000101 -50.00000 -1 0.36082 -32.17282 -0.45496 0.10000
105 -52.00000 -1 0.36832 -31.33641 -0.47192 0.10000109 -54.00000 -1 0.37512 -30.48339 -0.48691 0.10000113 -56.00000 -1 0.38109 -29.61466 -0.49976 0.10000117 -58.00000 -1 0.38617 -28.73168 -0.51041 0.10000121 -60.00000 -1 0.39032 -27.83633 -0.51888 0.10000
125 -62.00000 -1 0.39356 -26.93070 -0.52531 0.10000129 -64.00000 -1 0.39596 -26.01694 -0.52995 0.10000133 -66.00000 -1 0.39763 -25.09713 -0.53309 0.10000137 -68.00000 -1 0.39872 -24.17309 -0.53508 0.10000141 -70.00000 -1 0.39937 -23.24630 -0.53623 0.10000
145 -72.00000 -1 0.39972 -22.31788 -0.53685 0.10000149 -74.00000 -1 0.39989 -21.38859 -0.53714 0.10000153 -76.00000 -1 0.39996 -20.45888 -0.53726 0.10000157 -78.00000 -1 0.39999 -19.52900 -0.53730 0.10000161 -80.00000 -1 0.40000 -18.59907 -0.53731 0.10000165 -82.00000 -1 0.40000 -17.66912 -0.53731 0.10000169 -84.00000 -1 0.40000 -16.73916 -0.53731 0.10000173 -86.00000 -1 0.40000 -15.80921 -0.53731 0.10000177 -88.00000 -1 0.40000 -14.87926 -0.53731 0.10000181 -90.00000 -1 0.40000 -13.94930 -0.53731 0.10000
185 -92.00000 -1 0.40000 -13.01935 -0.53731 0.10000189 -94.00000 -1 0.40000 -12.08940 -0.53731 0.10000193 -96.00000 -1 0.40000 -11.15944 -0.53731 0.10000197 -98.00000 -1 0.40000 -10.22949 -0.53731 0.10000201 -100.00000 -1 0.40000 -9.29954 -0.53731 0.10000205 -102.00000 -1 0.40000 -8.36958 -0.53731 0.10000209 -104.00000 -1 0.40000 -7.43963 -0.53731 0.10000213 -106.00000 -1 0.40000 -6.50968 -0.53731 0.10000217 -108.00000 -1 0.40000 -5.57972 -0.53731 0.10000221 -110.00000 -1 0.40000 -4.64977 -0.53731 0.10000
225 -112.00000 -1 0.40000 -3.71981 -0.53731 0.10000229 -114.00000 -1 0.40000 -2.78986 -0.53731 0.10000233 -116.00000 -1 0.40000 -1.85991 -0.53731 0.10000237 -118.00000 -1 0.40000 -0.92995 -0.53731 0.10000241 -120.00000 -1 0.40000 0.00000 -0.53731 0.10000




0 .0 0200  0.00300 0.00400 0.00500 0.00600 0.00700 0.00900 
0 .01100  0.01300 0.01500 0.01700 0.01900 
0 .02100  0.02300 0.02500 0.02700 0.02900 0.03100 0.03300 0.03500 0.03700 0.03900 0.04100 0.04300 0.04500 0.04700 0.04900 0.05100 
0.05300 0.05500 0.05700 
0.05900 0.06100 0.06300 0.06500 0.06700 0.06900 0.07100 0.07300 0.07700 0.08100 0.08500 0.08900 0.09300 0.09700 
0.10100  0.10500 0.10900 0.11300 0.11700 
0.12100  0.12500 0.12900 0.13300 0.13700 0.14500 0.15300 0.16100 0.16900 0.17700 0.18500 0.19300 0.20900 0.22500 0.24100 0.27300 0.27300 0.27300 0.27300 0.28900
TIMESTEPHRS
0.10000E-02 0.10000E-02 0.10000E-02 0. 10000E-02 0.10000E-02 0.10000E-02 0.10000E-02 0.10000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.20000E-02 0.40000E-02 0.40000E-02 0.40000E-02 0.40000E-02 0.40000E-02 0.40000E-02 0.40000E-02 0.40000E-02 0.40000E-02 0.40000E-02 0.40000E-02 0.40000E-02 0.40000E-02 0.40000E-02 0.40000E-02 0.40000E-02 0.80000E-02 0.80000E-02 0.80000E-02 0.80000E-02 0.80000E-02 0.80000E-02 0.80000E-02 0.16000E-01 0.16000E-01 0.16000E-01 
0.32000E-01 0.64000E-01 0.64000E-01 0.32000E-01 0.16000E-01 0.16000E-01
ABS.MASSBAL.CM0.53827E-02 0.53827E-02 0.24751E-02 
0.52366E-03 0.62658E-03 0.62272E-03 0.14979E-03 0.38822E-04 0.32741E-03 
0.52848E-03 0.41151E-03 0.49909E-03 0.42193E-03 0.34555E-03 0.38254E-03 0.34932E-03 0.30836E-03 0.32805E-03 0.31050E-03 0.28309E-03 0.25277E-03 0.25413E-03 0.24590E-03 0.22875E-03 0.20840E-03 0.20384E-03 0.20196E-03 0.19151E-03 0.17768E-03 0.16268E-03 0.15227E-03 0.15437E-03 0.14902E-03 0.14018E-03 0.12993E-03 0.11778E-03 0.12237E-03 0.12013E-03 0.11444E-03 0.10723E-03 0.93896E-04 0.42177E-03 0.38954E-03 0.35857E-03 0.34424E-03 0.31637E-03 0.28464E-03 0.27512E-03 0.25284E-03 0.22210E-03 0.21606E-03 0.19775E-03 0.17498E-03 0.14065E-03 0.13699E-03 0.12287E-03 0.94154E-04 0.43681E-03 0.33945E-03 0.24780E-03 0.19970E-03 0.14106E-03 0.11577E-03 0.69643E-04 0.41664E-03 0.19285E-03 0.34053E-04 0.13373E-04 0.67050E-02 0.43156E-01 0.11862E-01 0.25098E-02 0.33253E-02
REL.MASSBAL.PERC0.23123E+03 0.23123E+03 0.47482E+02 0.10046E+02 0.12020E+02 0.11946E+02 0.28735E+01 0.74475E+00 0.31404E+01 0.50690E+01 0.39470E+01 0.47871E+01 0.40470E+01 0.33143E+01 0.36691E+01 0.33504E+01 0.29576E+01 0.31464E+01 0.29780E+01 0.27151E+01 0.24243 E+01 0.24373E+01 0.23584E+01 0.21939E+01 0.19987E+01 0.19550E+01 0.19369E+01 0.18367E+01 0.17041E+01 0.15602E+01 0.14604E+01 0.14805E+01 0.14292E+01 0.13444E+01 0.12461E+01 0.11295E+01 0.11735E+01 0.11520E+01 0.10975E+01 0.10284E+01 0.90046E+00 0.20224E+01 0.18678E+01 0.17193E+01 0.16506E+01 0.15169E+01 0.13647E+01 0.13191E+01 0.12122E+01 0.10649E+01 0.10359E+01 
0.94811E+00 0.83893E+00 0.67431E+00 0.65674E+00 0.58906E+00 0.45139E+00 0.10470E+01 0.81365E+00 0.59396E+00 0.47865E+00 0.33809E+00 0.27747E+00 0.16691E+00 0.49926E+00 0.23108E+00 0.40802E-01 0.80113E-02 0.20081E+01 0.13984E+02 0.74374E+01 0.30759E+01 0.42880E+01
ERRORCONTROL CM,CM/HR 0.13850E+01 0.13850E+01 0.24477E+01 0.13163E+01 0.84806E+00 0.60577E+00 0.45139E+00 0.36101E+00 0.71399E+00 0.51896E+00 0.39416E+00 0.30976E+00 0.24956E+00 0.20538E+00 0.17177E+00 0.15761E+00 0.15214E+00 0.14632E+00 0.14026E+00 0.13406E+00 0.12786E+00 0.12174E+00 0.11577E+00 0.10999E+00 0.10444E+00 0.99147E-01 0.94112E-01 0.90986E-01 0.90081E-01 0.88948E-01 0.87621E-01 
0.86132E-01 0.84510E-01 0.82780E-01 0.80966E-01 0.79091E-01 0.77174E-01 0.75229E-01 0.73271E-01 0.71310E-01 0.69355E-01 0.12492E+00 0.12378E+00 0.12194E+00 0.11953E+00 0.11667E+00 0.11345E+00 0.10996E+00 0.10626E+00 0.10573E+00 0.10534E+00 




8 6 6 556 5 5 5 5 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
4 4 4 4 44









0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 
0.16000E-01 0.16000E-01 
0.16000E-01 0.16000E-01 0. 16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 
0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 
0.16000E-01 0.16000E-01 
0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 
0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01
0.30476E-02 0.27815E-02 0.25375E-02 0.23168E-02 0.21242E-02 0.19518E-02 0.18000E-02 0.16661E-02 0.15462E-02 0.13966E-02 0.12923E-02 0.12069E-02 0.11334E-02 0.10683E-02 0.10252E-02 
0.93093E-03 0.87342E-03 
0.82806E-03 0.78887E-03 0.77297E-03 0.70349E-03 0.66526E-03 0.63700E-03 0.63326E-03 0.57542E-03 0.54728E-03 0.54900E-03 0.49774E-03 0.47262E-03 0.45641E-03 0.46651E-03 0.42382E-03 0.40441E-03 0.41709E-03 0.37685E-03 0.35960E-03 
0.37402E-03 0.33799E-03 0.32243E-03 0.33959E-03 0.30551E-03 0.29182E-03 0.30979E-03 0.27907E-03 0.27907E-03 0.26675E-03 0.28639E-03 
0.25691E-03 0.24576E-03 0.26621E-03 0.23800E-03 0.25426E-03 0.22612E-03 0.21498E-03 0.23514E-03 0.21005E-03 0.22522E-03 0.20050E-03 0.19035E-03 0.21060E-03 0.18769E-03 0.20373E-03 
0.18036E-03 0.17084E-03 0.19167E-03 0.17047E-03 0.18670E-03 0.16536E-03 0.18009E-03 0.15933E-03 0.15033E-03 0.17032E-03 0.15161E-03 0.16717E-03 0.14809E-03
0.41404E+01 0.39548E+01 0.37584E+01 0.35621E+01 0.33805E+01 0.32072E+01 
0.30477E+01 0.29015E+01 0.27652E+01 0.25614E+01 0.24274E+01 0.23193E+01 0.22259E+01 0.21422E+01 0.20972E+01 0.19411E+01 0.18550E+01 0.17902E+01 0.17349E+01 0.17282E+01 0.15982E+01 0.15349E+01 0.14919E+01 0.15048E+01 0.13868E+01 0.13371E+01 0.13593E+01 0.12484E+01 0.12005E+01 0.11736E+01 0.12140E+01 0.11158E+01 0.10769E+01 0.11231E+01 0.10258E+01 0.98932E+00 0.10397E+01 0.94915E+00 0.91452E+00 0.97259E+00 0.88336E+00 0.85171E+00 0.91246E+00 0.82940E+00 0.82940E+00 0.79979E+00 0.86612E+00 0.78357E+00 0.75585E+00 0.82547E+00 0.74392E+00 0.80106E+00 0.71795E+00 
0.68780E+00 0.75797E+00 0.6821OE+OO 0.73669E+00 0.66054E+00 0.63153E+00 0.70359E+00 0.63135E+00 0.68991E+00 0.61484E+00 0.58619E+00 0.66190E+00 0.59242E+00 0.65292E+00 0.58186E+00 0.63755E+00 0.56745E+00 0.53856E+00 0.61376E+00 0.54948E+00 0.60935E+00 0.54282E+00
0.23441E+00 0.20949E+00 0.18959E+00 0.17445E+00 0.15766E+00 0.14775E+00 0.13484E+00 0.12727E+00 0.11722E+00 0.11122E+00 0. 10312E+00 0.98301E-01 0.92047E-01 0.87672E-01 0.82871E-01 0.78760E-01 0.75101E-01 0.71129E-01 0.68387E-01 0.64966E-01 0.62492E-01 0.59878E-01 0.57251E-01 0.55290E-01 0.52912E-01 
0.51112E-01 0.49295E-01 0.47279E-01 0.45925E-01 0.44284E-01 0.42771E-01 0.41529E-01 0.40066E-01 0.38902E-01 0.37782E-01 0.36488E-01 0.35565E-01 0.34565E-01 0.33425E-01 0.32671E-01 0.31783E-01 0.30812E-01 0.30144E-01 0.29359E-01 0.29359E-01 0.28518E-01 0.27924E-01 0.27233 E-01 0.26488E-01 
0.25963E-01 0.25355E-01 0.24724E-01 0.24261E-01 
0.23725E-01 0.23127E-01 0.22693E-01 0.22224E-01 0.21698E-01 0.21284E-01 0.20872E-01 0.20411E-01 0.20008E-01 
0.19649E-01 0.19244E-01 0.18849E-01 0.18535E-01 0.18181E-01 
0.17792E-01 0.17518E-01 0.17187E-01 0.16845E-01 
0.16566E-01 0.16296E-01 0.15995E-01 0.15707E-01
444433333333333333333333333333333
0.16000E-01 
0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01
0.16244E-03 0.14374E-03 0.15749E-03 0.13915E-03 0.13199E-03 0.15011E-03 0.13374E-03 0.14858E-03 0.13197E-03 0.14558E-03 0.12913E-03 0.14240E-03 0.12675E-03 0.13917E-03 0.12406E-03 0.13611E-03 0.12149E-03 0.13296E-03 0.11914E-03 0.13062E-03 0.11690E-03 0.11084E-03 0.12635E-03 0.11382E-03 0.12629E-03 0.11397E-03 0.12557E-03 0.11318E-03 0.12424E-03 0.11217E-03 0.12286E-03 0.11130E-03 0.11130E-03
0.59872E+00 0.53270E+00 0.58683 E+00 0.52126E+00 0.49705E+00 0.56824E+00 0.50887E+00 0.56823 E+00 0.50726E+00 0.56236E+00 0.50126E+00 0.55544E+00 0.49681E+00 0.54806E+00 0.49086E+00 0.54103E+00 0.48516E+00 0.53336E+00 0.48010E+00 0.52870E+00 0.47524E+00 0.45259E+00 0.51814E+00 0.46875E+00 0.52231E+00 0.47336E+00 0.52370E+00 0.47397E+00 0.52238E+00 0.47357E+00 0.52074E+00 0.47363E+00 0.47363E+00
0.15472E-01 0.15209E-01 0.14921E-01 0.14708E-01 0.14493E-01 0.14239E-01 0.14010E-01 0.13809E-01 0.13587E-01 0.13346E-01 0.13172E-01 0.12977E-01 0.12765E-01 0.12574E-01 0.12405E-01 0.12218E-01 0.12016E-01 0.11865E-01 0.11702E-01 0.11524E-01 0.11356E-01 0.11214E-01 0.11057E-01 0.10888E-01 0.10751E-01 0.10614E-01 0.10464E-01 0.10311E-01 0.10192E-01 0.10061E-01 0.99187E-02 0.97897E-02 0.97897E-02
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VALUES FOR THETA, PRESSURE HEAD AND FLUX FOR THE SUCCESSIVE GRIDPOINTS 
AT TIME: 2.00100 TIMESTEPNR. 175
TOPBOUND.CONDITION 0.60000 HEADBOTTOMBOUND.CONDITI ON 0.00000 HEAD
DPOINT DEPTH(CM) HI THETA H( CM) FLUX(CM/HR) PIVOT1 0.00000 349 0.40000 0.60000 -1.97348 0.12158
5 -2.00000 325 0.40000 -1.33013 -1.97348 0.127549 -4.00000 287 0.40000 -3.26026 -1.97348 0.1354013 -6.00000 253 0.40000 -5.19039 -1.97348 0.1433817 -8.00000 229 0.40000 -7.12052 -1.97348 0.1518321 -10.00000 219 0.40000 -9.05065 -1.97348 0.1607425 -12.00000 211 0.39999 -10.98079 -1.97345 0.1698129 -14.00000 201 0.39985 -12.91154 -1.97265 0.1789033 -16.00000 189 0.39875 -14.84833 -1.96566 0.1881837 -18.00000 177 0.39458 -16.81120 -1.93654 0.1973341 -20.00000 165 0.38465 -18.83968 -1.86030 0.20647
45 -22.00000 151 0.36747 -20.97975 -1.71542 0.2156449 -24.00000 137 0.34466 -23.24619 -1.50338 0.2248253 -26.00000 121 0.32157 -25.56768 -1.26218 0.2339257 -28.00000 105 0.30406 -27.77723 -1.04576 0.2430061 -30.00000 87 0.29420 -29.70395 -0.88320 0.2519665 -32.00000 69 0.29078 -31.26649 -0.77191 0.2610469 -34.00000 49 0.29159 -32.46782 -0.69782 0.2700173 -36.00000 29 0.29518 -33.34902 -0.64823 0.2791177 -38.00000 7 0.30037 -33.95662 -0.61454 0.28808
81 -40.00000 1 0.30673 -34.33276 -0.59124 0.2971785 -42.00000 1 0.31383 -34.51131 -0.57486 0.3062989 -44.00000 1 0.32141 -34.51974 -0.56311 0.3154193 -46.00000 1 0.32930 -34.37901 -0.55439 0.3244897 -48.00000 -1 0.34097 -34.08646 -0.53328 0.10000
101 -50.00000 -1 0.34676 -33.55948 -0.49143 0.10000
105 -52.00000 -1 0.35382 -32.88611 -0.47317 0.10000109 -54.00000 -1 0.36133 -32.11848 -0.46853 0.10000113 -56.00000 -1 0.36873 -31.28820 -0.47118 0.10000117 -58.00000 -1 0.37563 -30.41421 -0.47716 0.10000121 -60.00000 -1 0.38176 -29.50825 -0.48411 0.10000
125 -62.00000 -1 0.38695 -28.57814 -0.49069 0.10000129 -64.00000 -1 0.39114 -27.62963 -0.49622 0.100001 33 -66.00000 -1 0.39434 -26.66731 -0.50047 0.10000137 -68.00000 -1 0.39662 -25.69493 -0.50348 0.10000141 -70.00000 -1 0.39814 -24.71561 -0.50543 0.10000145 -72.00000 -1 0.39907 -23.73180 -0.50659 0.10000149 -74.00000 -1 0.39959 -22.74531 -0.50720 0.10000153 -76.00000 -1 0.39984 -21.75738 -0.50749 0.10000157 -78.00000 -1 0.39995 -20.76878 -0.50761 0.10000161 -80.00000 -1 0.39999 -19.77991 -0.50765 0.10000
165 -82.00000 -1 0.40000 -18.79094 -0.50766 0.10000169 -84.00000 -1 0.40000 -17.80195 -0.50767 0.10000173 -86.00000 -1 0.40000 -16.81295 -0.50767 0.10000177 -88.00000 -1 0.40000 -15.82396 -0.50767 0.10000181 -90.00000 -1 0.40000 -14.83496 -0.50767 0.10000185 -92.00000 -1 0.40000 -13.84596 -0.50767 0.10000189 -94.00000 -1 0.40000 -12.85696 -0.50767 0.10000193 -96.00000 -1 0.40000 -11.86797 -0.50767 0.10000197 -98.00000 -1 0.40000 -10.87897 -0.50767 0.10000201 -100.00000 -1 0.40000 -9.88997 -0.50767 0.10000205 -102.00000 -1 0.40000 -8.90098 -0.50767 0.10000209 -104.00000 -1 0.40000 -7.91198 -0.50767 0.10000213 -106.00000 -1 0.40000 -6.92298 -0.50767 0.10000217 -108.00000 -1 0.40000 -5.93398 -0.50767 0.10000221 -110.00000 -1 0.40000 -4.94499 -0.50767 0.10000225 -112.00000 -1 0.40000 -3.95599 -0.50767 0.10000229 -114.00000 -1 0.40000 -2.96699 -0.50767 0.10000233 -116.00000 -1 0.40000 -1.97799 -0.50767 0.10000237 -118.00000 -1 0.40000 -0.98900 -0.50767 0.10000241 -120.00000 -1 0.40000 0.00000 -0.50767 0.10000
CHANGE IN STORAGE IN TOTAL FLUX DIFFERENCE
THE WHOLE PROFILE BETWEEN TOP AND BOTTOM TILL NOW
0.525227E+01 CM 0.531457E+01 CM





0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 
0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 
0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 
0.16000E-01 0.16000E-01 0.16000E-01 
0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01
ABS.MASSBAL.CM0.12133E-03 0.11033E-03 0.12032E-03 0.10954E-03 0.11916E-03 0.10866E-03 0.11809E-03 0.10782E-03 0.11717E-03 0.10750E-03 0.11629E-03 
0.10694E-03 0.11550E-03 0.10644E-03 0.11478E-03 0.10592E-03 0.11417E-03 0.10580E-03 0.11358E-03 
0.10554E-03 0.10210E-03 0.11226E-03 0.10495E-03 0.11333E-03 0.10604E-03 0.11347E-03 0.10640E-03 0.11335E-03 0.10656E-03 0.11311E-03 0.10649E-03 0.10414E-03 0.11237E-03 0.10684E-03 0.11330E-03 
0.10773E-03 0.10588E-03 0.11326E-03 0.10882E-03 0.11452E-03 0.11000E-03 0.10891E-03 0.11535E-03 0.11203E-03 0.11180E-03 0.11791E-03 0.11580E-03 0.11673E-03 0.12214E-03 0.12170E-03 0.12415E-03 0.12919E-03 0.13112E-03 0.13607E-03 0.14130E-03 0.14703E-03 0.15565E-03 0.16199E-03 0.17283E-03 0.17970E-03 0.19361E-03 0.2011 IE-03 0.21663E-03 0.21663E-03
REL.MASSBAL.PERC
0.51834E+00 0.47320E+00 0.51801E+00 0.47340E+00 0.51697E+00 0.47318E+00 0.51618E+00 0.47302E+00 0.51593E+00 0.47510E+00 0.51583E+00 0.47605E+00 0.51601E+00 0.47721E+00 0.51644E+00 0.47824E+00 0.51729E+00 0.48104E+00 0.51820E+00 0.U8319E+00 0.46904E+00 0.517U7E+00 0.U8541E+00 
0.52592E+00 0.49375E+00 0.53016E+00 0.U9879E+00 0.53314E+00 0.50287E+00 0.53558E+00 0.50589E+00 0.U9637E+00 0.53739E+00 0.51266E+00 0.54547E+00 0.520UOE+00 0.51322E+00 0.5508UE+00 0.53100E+00 0.56075E+00 0.5UOU5E+00 0.53696E+00 0.57068E+00 0.55622E+00 0.55707E+00 0.58961E+00 0.58118E+00 0.58806E+00 0.61763E+00 0.61775E+00 0.63271E+00 0.66103E+00 0.67366E+00 0.70207E+00 0.73221E+00 0.76529E+00 0.81388E+00 
0.85105E+00 0.91237E+00 
0.95332E+00 0.10323E+01 0.10777E+01 0.11669E+01 0.11669E+01
ERRORCONTROL CM,CM/HR 0.96752E-02 0.95503E-02 0.94158E-02 0.93069E-02 0.91973E-02 0.90785E-02 0.8954UE-02 0.88588E-02 0.87543E-02 0.86416E-02 0.85333E-02 0.84419E-02 0.83425E-02 0.82357E-02 0.81410E-02 0.80539E-02 0.79595E-02 0.78584E-02 0.77751E-02 0.76921E-02 0.76026E-02 0.75071E-02 0.7U332E-02 0.73544E-02 0.72697E-02 0.71824E-02 0.71134E-02 0.70387E-02 0.69586E-02 0.68796E-02 0.68140E-02 0.67432E-02 0.66675E-02 0.65958E-02 0.65336E-02 0.64666E-02 0.63950E-02 0.63294E-02 0.62705E-02 0.62071E-02 0.61395E-02 0.60792E-02 0.60234E-02 0.59635E-02 0.58998E-02 0.58441E-02 0.57913E-02 0.57348E-02 
0.567U8E-02 0.56232E-02 0.55734E-02 
0.55202E-02 0.5U636E-02 0.5U159E-02 0.53690E-02 0.53189E-02 0.52657E-02 0.52217E-02 0.51776E-02 0.51305E-02 0.50805E-02 0.50401E-02 0.49987E-02 0.49987E-02
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VALUES FOR THETA, PRESSURE HEAD AND FLUX FOR THE SUCCESSIVE GRIDPOINTS
AT TIME: 3.00900 TIMESTEPNR. 238
TOPBOUND. CONDITION 0.60000 HEADBOTTOMBOUND.COND1T 1 ON 0.00000 HEAD
GRIDPOINT DEPTH(CM) HI THETA H( CM) FLUX(CM/HR) PIVOT1 0.00000 475 0.40000 0.60000 -1.70264 0.121585 -2.00000 451 0.40000 -0.79076 -1.70264 0.127549 -4.00000 413 0.40000 -2.18151 -1.70264 0.1354013 -6.00000 379 0.40000 -3.57227 -1.70264 0.1433817 -8.00000 355 0.40000 -4.96303 -1.70264 0.1518321 -10.00000 345 0.40000 -6.35379 -1.70264 0.1607425 -12.00000 337 0.40000 -7.74454 -1.70264 0.1698129 -14.00000 327 0.40000 -9.13530 -1.70264 0.1789033 -16.00000 315 0.40000 -10.52606 -1.70263 0.1881837 -18.00000 303 0.39998 -11.91688 -1.70254 0.1973341 -20.00000 291 0.39984 -13.30827 -1.70167 0.2064745 -22.00000 277 0.39915 -14.70267 -1.69730 0.2156449 -24.00000 263 0.39710 -16.10663 -1.68312 0.2248253 -26.00000 247 0.39255 -17.53152 -1.64961 0.2339257 -28.00000 231 0.38461 -18.99028 -1.58691 0.2430061 -30.00000 213 0.37326 -20.48855 -1.48990 0.2519665 -32.00000 195 0.35978 -22.01099 -1.36340 0.2610469 -34.00000 175 0.34663 -23.51016 -1.22338 0.2700173 -36.00000 155 0.33634 -24.91187 -1.09010 0.2791177 -38.00000 133 0.33015 -26.14135 -0.97755 0.2880881 -40.00000 109 0.32803 -27.15002 -0.88934 0.2971785 -42.00000 85 0.32914 -27.92113 -0.82244 0.3062989 -44.00000 61 0.33256 -28.46079 -0.77179 0.3154193 -46.00000 39 0.33755 -28.78571 -0.73292 0.3244897 -48.00000 17 0.34355 -28.91727 -0.70244 0.33345101 -50.00000 1 0.35016 -28.87737 -0.67796 0.34228105 -52.00000 1 0.35704 -28.68657 -0.65790 0.35083109 -54.00000 1 0.36395 -28.36445 -0.64115 0.35903113 -56.00000 1 0.37060 -27.92838 -0.62701 0.36668117 -58.00000 1 0.37687 -27.39537 -0.61493 0.37375121 -60.00000 1 0.38245 -26.78032 -0.60461 0.37998125 -62.00000 1 0.38732 -26.09773 -0.59579 0.38537129 -64.00000 1 0.39135 -25.36041 -0.58833 0.38986133 -66.00000 -1 0.39831 -24.57118 -0.57840 0.10000137 -68.00000 -1 0.39908 -23.71502 -0.56259 0.10000141 -70.00000 -1 0.39956 -22.82988 -0.55340 0.10000145 -72.00000 -1 0.39981 -21.92874 -0.54865 0.10000149 -74.00000 -1 0.39993 -21.01977 -0.54651 0.10000153 -76.00000 -1 0.39998 -20.10745 -0.54568 0.10000157 -78.00000 -1 0.39999 -19.19392 -0.54541 0.10000161 -80.00000 -1 0.40000 -18.28002 -0.54534 0.10000165 -82.00000 -1 0.40000 -17.36604 -0.54533 0.10000169 -84.00000 -1 0.40000 -16.45204 -0.54532 0.10000173 -86.00000 -1 0.40000 -15.53804 -0.54532 0.10000177 -88.00000 -1 0.40000 -14.62403 -0.54532 0.10000181 -90.00000 -1 0.40000 -13.71003 -0.54532 0.10000185 -92.00000 -1 0.40000 -12.79603 -0.54532 0.10000189 -94.00000 -1 0.40000 -11.88203 -0.54532 0.10000193 -96.00000 -1 0.40000 -10.96803 -0.54532 0.10000197 -98.00000 -1 0.40000 -10.05402 -0.54532 0.10000201 -100.00000 -1 0.40000 -9.14002 -0.54532 0.10000205 -102.00000 -1 0.40000 -8.22602 -0.54532 0.10000209 -104.00000 -1 0.40000 -7.31202 -0.54532 0.10000213 -106.00000 -1 0.40000 -6.39801 -0.54532 0.10000217 -108.00000 -1 0.40000 -5.48401 -0.54532 0.10000221 -110.00000 -1 0.40000 -4.57001 -0.54532 0.10000225 -112.00000 -1 0.40000 -3.65601 -0.54532 0.10000229 -114.00000 -1 0.40000 -2.74201 -0.54532 0.10000233 -116.00000 -1 0.40000 -1.82800 -0.54532 0.10000237 -118.00000 -1 0.40000 -0.91400 -0.54532 0.10000241 -120.00000 -1 0.40000 0.00000 -0.54532 0.10000
CHANGE IN STORAGE IN THE WHOLE PROFILE 0.656714E+01 CMTOTAL FLUX DIFFERENCE BETWEEN TOP AND BOTTOM TILL NOW 0.663712E+01 CM




0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 
0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01
ABS. MASSBAL.CM0.22366E-03 0.23024E-03 0.24397E-03 0.24779E-03 0.25133E-03 0.25383E-03 0.26148E-03 0.26154E-03 0.26168E-03 0.26145E-03 0.26087E-03 0.26023E-03 0.25935E-03 0.25835E-03 0.25726E-03 0.25609E-03 0.25486E-03 0.25446E-03 0.25348E-03 0.25210E-03 0.25063E-03 0.24915E-03 0.24765E-03 0.24615E-03 0.24459E-03 0.24314E-03 0.24163E-03 0.24011E-03 0.23859E-03 0.23707E-03 0.23550E-03 0.23403E-03 0.23253E-03 0.23097E-03 0.22943E-03 0.22789E-03 0.22634E-03 0.22475E-03 0.22323E-03 0.22166E-03 0.22008E-03 0.21850E-03 0.21689E-03 0.21525E-03 0.21366E-03 0.21202E-03 0.21036E-03 0.20869E-03 0.20700E-03 0.20526E-03 0.20356E-03 0.20180E-03 0.20002E-03 0.19821E-03 0.19635E-03 0.19451E-03 0.19262E-03 0.19068E-03 0.18872E-03 0.18668E-03 0.18467E-03 0.18258E-03 0.18258E-03 0.18044E-03 0.17826E-03 0.17600E-03 0.17374E-03 0.17139E-03 0.16898E-03 0.16650E-03 0.16393E-03 0.16134E-03 0.15864E-03
REL.MASSBAL.PERC
0.12109E+01 0.12530E+01 0.13344E+01 0.13621E+01 0.13883E+01 0.14090E+01 0.14583E+01 0.14654E+01 0.14729E+01 0.14782E+01 0.14815E+01 0.14844E+01 0.14858E+01 0.14864E+01 0.14864E+01 0.14859E+01 0.14850E+01 0.14888E+01 0.14891E+01 0.14871E+01 0.14845E+01 0.14818E+01 0.14789E+01 0.14759E+01 0.14725E+01 0.14697E+01 0.14665E+01 0.14632E+01 0.14598E+01 0.14563E+01 0.14525E+01 0.14493E+01 0.14458E+01 0.14419E+01 0.14381E+01 0.14342E+01 0.14302E+01 0.14259E+01 0.14220E+01 0.14178E+01 0.14134E+01 0.14089E+01 0.14043E+01 0.13994E+01 0.13948E+01 0.13898E+01 0.13846E+01 0.13793E+01 0.13738E+01 0.13679E+01 0.13623E+01 0.13562E+01 0.13499E+01 0.13434E+01 0.13364E+01 0.13296E+01 0.13223E+01 0.13147E+01 0.13068E+01 0.12984E+01 0.12900E+01 0.12811E+01 0.12811E+01 0.12717E+01 0.12619E+01 0.12516E+01 0.12411E+01 0.12299E+01 0.12182E+01 0.12059E+01 0.11929E+01 0.11795E+01 0.11653E+01
ERRORCONTROL CM,CM/HR 0.49545E-02 0.49077E-02 0.48708E-02 0.48320E-02 0.47905E-02 0.47467E-02 0.47128E-02 0.46763E-02 0.46373E-02 0.45966E-02 0.45646E-02 0.45299E-02 0.44929E-02 0.44548E-02 0.44241E-02 0.43910E-02 0.43555E-02 0.43190E-02 0.42894E-02 0.42574E-02 0.42232E-02 0.41877E-02 0.41589E-02 0.41279E-02 0.40948E-02 0.40602E-02 0.40322E-02 0.40022E-02 0.39702E-02 0.39363E-02 0.39090E-02 0.38799E-02 0.38485E-02 0.38163E-02 0.37895E-02 0.37614E-02 0.37315E-02 0.37000E-02 0.36737E-02 0.36466E-02 0.36178E-02 0.35873E-02 0.35619E-02 0.35357E-02 0.35079E-02 0.34784E-02 0.34544E-02 0.34290E-02 0.34021E-02 0.33739E-02 0.33509E-02 0.33263E-02 0.33002E-02 0.32739E-02 0.32516E-02 0.32277E-02 0.32023E-02 0.31784E-02 0.31566E-02 0.31334E-02 0.31087E-02 0.30872E-02 0.30872E-02 0.30659E-02 0.30432E-02 0.30195E-02 0.30001E-02 0.29793E-02 0.29571E-02 0.29365E-02 0.29175E-02 0.28971E-02 0.28754E-02
4.16100 4.17700 
4.19300 4.20900 4.22500 4.24100 4.25700 4.27300 4.28900 4.30500 4.32100 4.33700 4.35300 4.36900 4.38500 4.40100 4.41700 4.44900 4.51300 4.57700 4.64100 4.705004.769004.76900 4.801004.833004.83300 4.84900 4.86500 4.88100 4.913004.977004.97700 5.10500 5.361005.861005.86100
0.16000E-01 0. 16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0. 16000E-01 
0.16000E-01 0.16000E-01 0.16000E-01 0. 16000E-01 0.16000E-01 0.32000E-01 0.64000E-01 0.64000E-01 0.64000E-01 0.64000E-01 0.64000E-01 0.64000E-01 0.32000E-01 0.32000E-01 0.32000E-01 0.16000E-01 0.16000E-01 0.16000E-01 0.32000E-01 0.64000E-01 0.12800E+00 0.12800E+00 0.25600E+00 0.50000E+00 0.50000E+00 0.50000E+00
0.15586E-03 0.15296E-03 0.15002E-03 0.14695E-03 0.14377E-03 0.14047E-03 0.13704E-03 0.13350E-03 0.12980E-03 0.12593E-03 0.12193E-03 0.11772E-03 0.11332E-03 0.10870E-03 0.10387E-03 0.98770E-04 0.31448E-04 0.86101E-03 0.13658E-02 0.21208E-02 0.34333E-02 0.65802E-02 0.49651E-01 0.23750E-02 0.53656E-02 0.13873E-01 0.26778E-02 0.70337E-02 0.92371E-16 
0.18474E-15 0.36948E-15 0.73896E-15 0.73896E-15 
0.14779E-14 0.28866E-14 0.28866E-14 0.28866E-14
0.11504E+01 0.11345E+01 0.11181E+01 0.11006E+01 0.10822E+01 0.10627E+01 0.10420E+01 0.10204E+01 0.99731E+00 0.97270E+00 0.94684E+00 0.91918E+00 0.88971E+00 0.85817E+00 0.8247 3 E+00 0.78879E+00 0.12670E+00 0.17677E+01 0.28823 E+01 0.46176E+01 0.77572E+01 0.15608E+02 0.24244E+03 0.11813E+02 0.28036E+02 0.14960E+03 0.29635E+02 0.15989E+03 0.10000E+03 0.1OOOOE+03 0.1OOOOE+03 0.1OOOOE+03 0.1OOOOE+03 0.1OOOOE+03 0.1OOOOE+03 0.1OOOOE+03 0.1OOOOE+03
0.28581E-02 0.28394E-02 0.28194E-02 0.28012E-02 0.27843E-02 0.27660E-02 0.27475E-02 0.27322E-02 0.27157E-02 0.26978E-02 0.26837E-02 0.26689E-02 0.26528E-02 0.26393E-02 0.26264E-02 0.26123E-02 0.52768E-02 0.23066E-01 0.31875E-01 0.46679E-01 0.75673E-01 0.15496E+00 0.82179E+01 0.85844E-01 0.22355E+00 0.75274E+01 0.19172E+00 0.72610E+01 0.00000E+00 0.00000E+00 0.00000E+00 0.OOOOOE+OO 0.OOOOOE+OO 0.00000E+00 0.OOOOOE+OO 0.OOOOOE+OO 0.OOOOOE+OO
VALUES FOR THETA, PRESSURE HEAD AND FLUX FOR THE SUCCESSIVE GRIDPOINTS
AT TIME: 6.36100 TIMESTEPNR. 343
TOPBOUND.CONDITION 0.60000 HEADBOTTOMBOUND.COND1T1 ON 0.00000 HEAD
GRIDPOINT DEPTH(CM) HI THETA H( CM) FLUX(CM/HR) PIVOT1 0.00000 685 0.40000 0.60000 -1.00930 0.121585 -2.00000 661 0.40000 0.59000 -1.00930 0.127549 -4.00000 623 0.40000 0.58000 -1.00930 0.1354013 -6.00000 589 0.40000 0.57000 -1.00930 0.1433817 -8.00000 565 0.40000 0.56000 -1.00930 0.1518321 -10.00000 555 0.40000 0.55000 -1.00930 0.1607425 -12.00000 547 0.40000 0.54000 -1.00930 0.1698129 -14.00000 537 0.40000 0.53000 -1.00930 0.1789033 -16.00000 525 0.40000 0.52000 -1.00930 0.1881837 -18.00000 513 0.40000 0.51000 -1.00930 0.1973341 -20.00000 501 0.40000 0.50000 -1.00930 0.20647
45 -22.00000 487 0.40000 0.49000 -1.00930 0.2156449 -24.00000 473 0.40000 0.48000 -1.00930 0.2248253 -26.00000 457 0.40000 0.47000 -1.00930 0.2339257 -28.00000 441 0.40000 0.46000 -1.00930 0.2430061 -30.00000 423 0.40000 0.45000 -1.00930 0.25196
65 -32.00000 405 0.40000 0.44000 -1.00930 0.2610469 -34.00000 385 0.40000 0.43000 -1.00930 0.2700173 -36.00000 365 0.40000 0.42000 -1.00930 0.2791177 -38.00000 343 0.40000 0.41000 -1.00930 0.2880881 -40.00000 319 0.40000 0.40000 -1.00930 0.2971785 -42.00000 295 0.40000 0.39000 -1.00930 0.3062989 -44.00000 271 0.40000 0.38000 -1.00930 0.3154193 -46.00000 249 0.40000 0.37000 -1.00930 0.3244897 -48.00000 227 0.40000 0.36000 -1.00930 0.33345101 -50.00000 209 0.40000 0.35000 -1.00930 0.34228
105 -52.00000 193 0.40000 0.34000 -1.00930 0.35083109 -54.00000 177 0.40000 0.33000 -1.00930 0.35903113 -56.00000 161 0.40000 0.32000 -1.00930 0.36668117 -58.00000 143 0.40000 0.31000 -1.00930 0.37375121 -60.00000 121 O.MOOOO 0.30000 -1.00930 0.37998
125 -62.00000 97 0.40000 0.29000 -1.00930 0.38537129 -64.00000 65 0.40000 0.28000 -1.00930 0.38986133 -66.00000 29 0.40000 0.27000 -1.00930 0.39326137 -68.00000 -1 0.40000 0.26000 -1.00930 0.10000141 -70.00000 -1 0.40000 0.25000 -1.00930 0.10000
145 -72.00000 -1 0.40000 0.24000 -1.00930 0.10000149 -74.00000 -1 0.40000 0.23000 -1.00930 0.10000153 -76.00000 -1 0.40000 0.22000 -1.00930 0.10000157 -78.00000 -1 0.40000 0.21000 -1.00930 0.10000161 -80.00000 -1 0.40000 0.20000 -1.00930 0.10000
165 -82.00000 -1 0.40000 0.19000 -1.00930 0.10000169 -84.00000 -1 0.40000 0.18000 -1.00930 0.10000173 -86.00000 -1 0.40000 0.17000 -1.00930 0.10000177 -88.00000 -1 0.40000 0.16000 -1.00930 0.10000
181 -90.00000 -1 0.40000 0.15000 -1.00930 0.10000185 -92.00000 -1 0.40000 0.14000 -1.00930 0.10000189 -94.00000 -1 0.40000 0.13000 -1.00930 0.10000193 -96.00000 -1 0.40000 0.12000 -1.00930 0.10000197 -98.00000 -1 0.40000 0.11000 -1.00930 0.10000201 -100.00000 -1 0.40000 0.10000 -1.00930 0.10000205 -102.00000 -1 0.40000 0.09000 -1.00930 0.10000209 -104.00000 -1 0.40000 0.08000 -1.00930 0.10000213 -106.00000 -1 0.40000 0.07000 -1.00930 0.10000217 -108.00000 -1 0.40000 0.06000 -1.00930 0.10000221 -110.00000 -1 0.40000 0.05000 -1.00930 0.10000225 -112.00000 -1 0.40000 0.04000 -1.00930 0.10000229 -114.00000 -1 0.40000 0.03000 -1.00930 0.10000
233 -116.00000 -1 0.40000 0.02000 -1.00930 0.10000237 -118.00000 -1 0.40000 0.01000 -1.00930 0.10000241 -120.00000 -1 0.40000 0.00000 -1.00930 0.10000
CHANGE IN STORAGE IN THE WHOLE PROFILE 0.824104E+01 CMTOTAL FLUX DIFFERENCE BETWEEN TOP AND BOTTOM TILL NOW 0.829725E+01 CM
COMPUTATIONS WILL PROCEED TILL 6.0000 HOURS 
COMPUTATIONS ARE ENDED, TIME IS 6.0000 HRS
TABLE OF RAINFALL RATE, INFILTRATION RATE, AND RUNOFF RATE AS A FUNCTION OF TIME
TIME RAINFALL INFILTRATION RUNOFFHOURS) RATE (CM/HR) RATE (CM/HR) RATE (CM/HR)
0.001000 5.750000 -5.750000 0.0000000.002000 5.750000 -5.750000 0.0000000.003000 5.750000 -5.750000 0.0000000.004000 5.750000 -5.750000 0.0000000.005000 5.750000 -5.750000 0.0000000.006000 5.750000 -5.750000 0.0000000.007000 5.750000 -5.750000 0.0000000.009000 5.750000 -5.750000 0.0000000.011000 5.750000 -5.750000 0.0000000.013000 5.750000 -5.750000 0.0000000.015000 5.750000 -5.750000 0.0000000.017000 5.750000 -5.750000 0.0000000.019000 5.750000 -5.750000 0.0000000.021000 5.750000 -5.750000 0.0000000.023000 5.750000 -5.750000 0.0000000.025000 5.750000 -5.750000 0.0000000.027000 5.750000 -5.750000 0.0000000.029000 5.750000 -5.750000 0.0000000.031000 5.750000 -5.750000 0.0000000.033000 5.750000 -5.750000 0.0000000.035000 5.750000 -5.750000 0.0000000.037000 5.750000 -5.750000 0.0000000.039000 5.750000 -5.750000 0.0000000.041000 5.750000 -5.750000 0.0000000.043000 5.750000 -5.750000 0.0000000.045000 5.750000 -5.750000 0.000000
0.047000 5.750000 -5.750000 0.0000000.049000 5.750000 -5.750000 0.0000000.051000 5.750000 -5.750000 0.0000000.053000 5.750000 -5.750000 0.0000000.055000 5.750000 -5.750000 0.0000000.057000 5.750000 -5.750000 0.0000000.059000 5.750000 -5.750000 0.0000000.061000 5.750000 -5.750000 0.0000000.063000 5.750000 -5.750000 0.0000000.065000 5.750000 -5.750000 0.0000000.067000 5.750000 -5.750000 0.0000000.069000 5.750000 -5.750000 0.0000000.071000 5.750000 -5.750000 0.0000000.073000 5.750000 -5.750000 0.0000000.077000 5.750000 -5.750000 0.0000000.081000 5.750000 -5.750000 0.0000000.085000 5.750000 -5.750000 0.0000000.089000 5.750000 -5.750000 0.0000000.093000 5.750000 -5.750000 0.0000000.097000 5.750000 -5.750000 0.0000000.101000 5.750000 -5.750000 0.0000000.105000 5.750000 -5.750000 0.0000000.109000 5.750000 -5.750000 0.0000000.113000 5.750000 -5.750000 0.0000000.117000 5.750000 -5.750000 0.000000
0.121000 5.750000 -5.750000 0.0000000.125000 5.750000 -5.750000 0.0000000.129000 5.750000 -5.750000 0.0000000.133000 5.750000 -5.750000 0.0000000.137000 5.750000 -5.750000 0.0000000.145000 5.750000 -5.750000 0.0000000.153000 5.750000 -5.750000 0.0000000.161000 5.750000 -5.750000 0.0000000.169000 5.750000 -5.750000 0.0000000.177000 5.750000 -5.750000 0.0000000.185000 5.750000 -5.750000 0.0000000.193000 5.750000 -5.750000 0.0000000.209000 5.750000 -5.750000 0.0000000.225000 5.750000 -5.750000 0.0000000.241000 5.750000 -5.750000 0.0000000.273000 5.750000 -5.750000 0.000000
0.289000 5.7500000.305000 5.7500000.321000 5.7500000.337000 5.7500000.353000 5.7500000.369000 5.7500000.385000 5.7500000.401000 5.7500000.417000 5.7500000.433000 5.7500000.449000 5.7500000.465000 5.7500000.481000 5.7500000.497000 5.7500000.513000 5.7500000.529000 5.7500000.545000 5.7500000.561000 5.7500000.577000 5.7500000.593000 5.7500000.609000 5.7500000.625000 5.7500000.641000 5.7500000.657000 5.7500000.673000 5.7500000.689000 5.7500000.705000 5.7500000.721000 5.7500000.737000 5.7500000.753000 5.7500000.769000 5.7500000.785000 5.7500000.801000 5.7500000.817000 5.7500000.833000 5.7500000.849000 5.7500000.865000 5.7500000.881000 5.7500000.897000 5.7500000.913000 5.7500000.929000 5.7500000.945000 5.7500000.961000 5.7500000.977000 5.7500000.993000 5.7500001.000000 20.8500001.009000 20.8500001.025000 20.8500001.041000 20.8500001.057000 20.8500001.073000 20.8500001.089000 20.8500001.105000 20.8500001.121000 20.8500001.137000 20.8500001.153000 20.8500001.169000 20.8500001.185000 20.8500001.201000 20.8500001.217000 20.8500001.233000 20.8500001.249000 20.8500001.265000 20.8500001.281000 20.8500001.297000 20.8500001.313000 20.8500001.329000 20.8500001.345000 ■20.8500001.361000 20.8500001.377000 20.850000
1.393000 20.8500001.409000 20.8500001.425000 20.8500001.441000 20.8500001.457000 20.8500001.473000 20.850000
-5.515553 0.234447-5.243728 0.506272-5.022340 0.727660-4.833854 0.916146-4.669557 1.080443-4.524102 1.225898-4.393827 1.356173-4.276090 1.473910-4.168873 1.581127-4.070642 1.679358-3.980161 1.769839-3.896433 1.853567-3.818641 1.931359-3.746093 2.003907-3.678223 2.071777-3.614543 2.135457-3.554628 2.195372-3.498137 2.251863-3.444743 2.305257-3.394173 2.355827-3.346185 2.403815-3.300567 2.449433-3.257128 2.492872-3.215703 2.534297-3.176136 2.573864-3.138295 2.611705-3.102058 2.647942-3.067315 2.682685-3.033965 2.716035-3.001920 2.748080-2.971094 2.778906-2.941414 2.808586-2.912810 2.837190-2.885219 2.864781-2.858583 2.891417-2.832849 2.917151-2.807966 2.942034-2.783888 2.966112-2.760575 2.989425-2.737985 3.012015-2.716083 3.033917-2.694836 3.055164-2.674209 3.075791-2.654174 3.095826-2.634704 3.115296-2.615773 18.234227-2.615773 18.234227-2.597356 18.252644-2.579431 18.270569-2.561976 18.288024-2.544970 18.305030-2.528396 18.321604-2.512235 18.337765-2.496472 18.353528-2.481091 18.368909-2.466075 18.383925-2.451410 18.398590-2.437082 18.412918-2.423078 18.426922-2.409388 18.440612-2.395999 18.454001-2.382901 18.467099-2.370083 18.479917-2.357535 18.492465-2.345249 18.504751-2.333215 18.516785-2.321424 18.528576-2.309870 18.540130-2.298543 18.551457-2.287438 18.562562-2.276545 18.573455-2.265859 18.584141-2.255373 18.594627-2.245082 18.604918-2.234979 18.615021-2.225059 18.624941
1.489000 1.505000 1.521000 1.537000 1.553000 1.569000 1.585000 1.601000 1.617000 1.633000 1.649000 1.665000 1.681000 1.697000 1.713000 1.729000 1.745000 1.761000 1.777000 1.793000 1.809000 1.825000 1.841000 1.857000 1.873000 1.889000 1.905000 1.921000 1.937000 1.953000 1.969000 1.985000
2 .000000  
2 .001000  2.017000 2.033000 2.049000 2.065000 2.081000 2.097000 2.113000 





25 .160000  
25 .16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.160000
-2.215316 -2.205746 -2.196342 -2.187102 -2.178018 -2.169089 -2.160309 -2.151674 -2.143179 -2.134822 -2.126598 -2.118504 -2.110537 -2.102693 -2.094970 -2.087363 -2.079871 -2.072490 -2.065217 -2.058051 -2.050988 -2.044026 -2.037163 -2.030396 -2.023723 -2.017142 -2.010650 -2.004247 -1.997929 -1.991695 -1.985543 -1.979471 -1.973477 -1.973477 -1.967561 -1.961719 -1.955951 -1.950255 -1.944629 -1.939073 -1.933584 -1.928161 -1.922802 -1.917508 -1.912275 -1.907104 -1.901992 
-1.896939 -1.891943 -1.887003 -1.882119 -1.877289 -1.872512 -1.867787 -1.863114 -1.858490 -1.853916 -1.849390 
-1.844911 -1.840479 -1.836093 -1.831752 -1.827454 -1.823200 -1.818988 -1.814818 
-1.810689 -1.806601 




18.87052923.18652323.186523 23.192439 23.198281 23.204049 23.209745 23.215371 23.220927 23.226416 23.231839 23.237198 23.242492 
23.247725 23.252896 23.258008 23.263061 23.268057 23.272997 23.277881 23.282711 23.287488 23.292213 23.296886 23.301510 23.306084 23.310610 23.315089 23.319521 23.323907 23.328248 23.332546 23.336800 23.341012 23.345182 23.349311 
23.353399 23.357449 23.361459 23.365432 23.369367 
23.373265 23.377127 23.380954 23.384746
2.689000 2.705000 2.721000 2.737000 2.753000 2.769000 2.785000 2.801000 2.817000 2.833000 2.849000 2.865000 2.881000 2.897000 2.913000 2.929000 2.945000 2.961000 2.977000 2.9930003.000000 3.009000 3.025000 3.041000 3.057000 3.073000 3.089000 3.105000 3.121000 3.137000 3.153000 3.169000 3.185000 3.201000 3.217000 3.233000 3.249000 3.265000 3.281000 3.297000 3.313000 3.329000 3.345000 3.361000 3.377000 3.393000 3.409000 3.425000 3.441000 3.457000 3.473000 3.489000 3.505000 3.521000 3.537000 3.553000 3.569000 3.585000 3.601000 3.617000 3.633000 3.649000 3.665000 3.681000 3.697000 3.713000 3.729000 3.745000 3.761000 3.777000 3.793000 3.809000 3.825000 3.841000 3.857000 3.873000
25.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000025.16000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.66000013.660000
-1.771496 -1.767772 -1.764081 -1.760422 
-1.756795 -1.753199 -1.749634 -1.746099 -1.742593 -1.739117 -1.735669 -1.732248 -1.728856 -1.725490 -1.722150 -1.718836 -1.715548 -1.712284 -1.709045 -1.705829 -1.702637 -1.702637 -1.699467 -1.696320 -1.693194 -1.690090 -1.687007 -1.683943 -1.680900 -1.677875 -1.674870 -1.671882 -1.668912 
-1.665960 -1.663024 -1.660104 -1.657199 -1.654310 -1.651435 -1.648575 -1.645728 -1.642894 -1.640073 -1.637264 -1.634467 -1.631682 -1.628907 -1.626143 -1.623389 -1.620644 
-1.617909 -1.615183 -1.612466 -1.609756 -1.607055 -1.604361 -1.601675 -1.598996 -1.596323 -1.593656 -1.590996 -1.588341 -1.585692 -1.583048 -1.580408 -1.577773 -1.575143 -1.572516 -1.569893 -1.567273 -1.564656 -1.562041 -1.559429 -1.556819 -1.554211 -1.551604
23.388504 23.392228 23.395919 23.399578 23.403205 23.406801 23.410366 23.413901 23.417407 23.420883 23.424331 23.427752 23.431144 23.434510 23.437850 23.441164 23.444452 
23.447716 23.450955 23.45417111.95736311.957363 11.960533 11.963680 11.966806 11.969910 11.972993 11.976057 11.979100 11.982125 11.985130 11.988118 11.991088 11.994040 11.996976 11.999896 12.002801 12.005690 12.008565 12.011425 12.014272 12.017106 12.019927 12.022736 12.025533 12.028318 12.031093 12.033857 12.036611 12.039356 12.042091 12.044817 12.047534 12.050244 
12.052945 12.055639 12.058325 12.061004 12.063677 12.066344 12.069004 12.071659 12.074308 12.076952 12.079592 12.082227 12.084857 12.087484 12.090107 12.092727 12.095344 
12.097959 12.100571 12.103181 12.105789 12.108396
3.8890003.9050003.9210003.9370003.9530003.9690003.9850004.000000 4.001000 4.017000 4.033000 4.049000 4.065000 4.081000 4.097000 4.113000 4.129000 4.145000 4.161000 4.177000 4.193000 4.209000 4.225000 4.241000 4.257000 4.273000 4.289000 4.305000 4.321000 4.337000 4.353000 4.369000 4.385000 4.401000 4.417000 4.449000 4.513000 4.577000 4.641000 4.705000 4.769000 4.801000 4.833000 4.849000 4.865000 4.881000 4.913000 4.9770005.000000 5.105000 5.361000 5.861000 6.000000
13.66000013.66000013.66000013.66000013.66000013.66000013.6600004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100004.3100002.1600002.1600002.1600002.160000 0.000000
-1.548997 -1.546392 -1.543786 -1.541180 -1.538574 -1.535966 -1.533357 -1.530746 -1.530746 -1.528132 -1.525516 -1.522896 -1.520272 -1.517643 -1.515009 -1.512369 -1.509723 -1.507070 -1.504408 -1.501738 
-1.499059 -1.496369 -1.493668 -1.490955 -1.488228 -1.485487 -1.482730 -1.479957 -1.477166 -1.474355 -1.471523 -1.468668 -1.465788 -1.462882 -1.459947 -1.453948 -1.441265 -1.427583 -1.412363 -1.394493 -1.370712 -1 . 355812 -1.332081 -1.312923 -1.009303 -1.009303 -1.009303 -1.009303 -1.009303 -1.009303 -1.009303 -1.009303 -1.009303
12.111003 12.113608 12.116214 12.118820 12.121426 12.124034 12.1266432.7792542.779254 2.781868 2.784484 2.787104 2.789728 2.792357 2.794991 2.797631 2.800277 2.802930 2.805592 2.808262 2.810941 2.813631 2.816332 2.819045 2.821772 2.824513 2.827270 2.830043 2.832834 2.835645 2.838477 2.841332 2.844212 2.847118 2.850053 2.856052 
2.868735 2.882417 2.897637 2.915507 2.939288 2.954188 
2.977919 2.9970773.3006973.3006973.3006973.3006971.1506971.1506971.1506971.150697 0.000000
THE TOTAL VOLUME OF RUNOFF IN CM IS: 59.6534
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ANGERT #1 MOISTURE CONTENT and pr es s u r e  head p r o f i l e s  
MOISTURE CONTENT. PERCENT PRESSURE HEAD. CM
5 . 15.  25.  35.  45.  -2 00 .  -15 0 .  -1 00 .  - 5 0 .  0 .













Figure 26. Rainfall and infiltration versus time for example simulation.
